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PREFACE 


This  report  is  published  to  provide  coastal  engineers  with  an  analy- 
sis of  wave  runup  on  structures  and  beaches.  The  report  uses  results 
from  extensive  literature  on  monochromatic  wave  testing.  The  method  of 
data  presentation  in  this  study  is  consistent  with  that  used  in  the  Shore 
Protection  Manual  (SPM)  (U.S.  Army,  Corps  of  Engineers,  Coastal  Engineer- 
ing Research  Center,  1977).  The  work  was  carried  out  under  the  coastal 
construction  program  of  the  U.S.  Army,  Coastal  Engineering  Research 
Center  (CERC) . 

The  report  was  prepared  by  Philip  N.  Stoa,  Oceanographer,  under  the 
general  supervision  of  R.A.  Jachowski,  Chief,  Coastal  Design  Criteria 
Branch. 

Comments  on  this  report  are  invited. 


Approved  for  publication  in  accordance  with  Public  Law  166,  79th 
Congress,  approved  31  July  1945,  as  supplemented  by  Public  Law  172, 
88th  Congress,  approved  7 November  1963. 
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CONVERSION  FACTORS,  U.S.  CUSTOMARY  10  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.S.  customary  units  of  measurement  used  in  this  report  can  be  converted 
to  metric  (SI)  units  as  follows: 


Multiply 

by 

To  obtain 

inches 

25.4 

mi  1 1 i meters 

2.54 

centimeters 

square  inches 

6.452 

square  centimeters 

cubic  inches 

lb.  39 

cub i c cent i me  t c rs 

feet 

30.48 

centimeters 

0. 3048 

meters 

square  feet 

0.0929 

square  meters 

cubic  feet 

0.0283 

cubic  meters 

yards 

0.9144 

me  t e rs 

square  yards 

0.  83b 

square  meters 

cubic  yards 

0 . 7b4b 

cubic  meters 

mi  los 

1.6093 

ki lometers 

square  miles 

259.0 

hect ares 

knot  s 

1.8532 

kilometers  per  hour 

acres 

0.4047 

hect  a res 

foot-pounds 

1.3558 

newton  meters 

mi  1 1 ibars 

1.0197  x 1Q“ 

3 kilograms  per  square  centimeter 

ounces 

28.35 

g r:uns 

pounds 

453.6 

grams 

0.4536 

k i lograms 

ton,  long 

1.0160 

me  trie  tons 

ton,  short 

0.9072 

metric  tons 

degrees  (angle) 

0.1745 

radians 

Fahrenheit  degrees 

5/9 

Celsius  degrees  or  Kelvins1 

'To  obtain  Celsius 

(C)  temperature 

readings  from  Fahrenheit  (F)  readings, 

use  formula:  C = 

(5/9)  (F  -32). 

To  obtain  Kelvin 

(K)  readings,  use 

formula:  K = (5/9)  (F  -32)  ♦ 273.15. 
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SYMBOLS  AND  DEFINITIONS 


d water  depth 

dg  water  depth  at  toe  of  structure 

g acceleration  of  gravity 

H wave  height 

H/>r0  zero  damage  wave  height 

H<J  unrefracted  deepwater  wave  height;  is  the  deepwater 

equivalent  of  the  wave  height,  H,  measured  in  a given  water 
depth;  H is  related  to  H<J>  by  the  shoaling  coefficient,  H/Hi 

ha  height  of  core  above  toe  of  rubble-mound  structure 

Kg  shoaling  coefficient 

k runup  correction  factor  for  scale  effect 

kr  roughness  dimension,  expressed  as  an  armor  unit  length 
L wavelength  in  a water  depth,  d 

Lq  deepwater  wavelength;  wavelength  in  water  of  depth,  d, 
where  d/L  > 0.5 

£ horizontal  length  of  slope  (beach  slope)  fronting  toe  of 
structure 

q empirical  exponent  used  in  runup  equation 

R runup;  the  vertical  rise  of  water  on  structure  face  resulting 
from  wave  action 

Rg  Reynolds  number 

r ratio  of  rough-slope  runup  to  smooth-slope  runup;  rough-slope 
runup  correction  factor 

T wave  period 

W armor  stone  weight 

B beach  slope,  used  for  slope  fronting  a structure;  different 
from  structure  slope 

9 structure  slope 

v kinematic  viscosity 
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REANALYSIS  OF  WAVE  RUNUP  ON  STRUCTURES  AND  BEACHES 

by 

Philip  N.  Stoa 
I . INTRODUCTION 

Wave  runup,  or  simply  runup,  is  an  important  aspect  of  the  inter- 
action of  waves  and  coastal  structures.  Runup  is  the  height  above  still- 
water  level  (SWL)  to  which  a wave  will  rise  on  a structure  or  beach,  and 
is  analyzed  in  dimensionless  parameters.  The  runup  divided  by  the  wave 
height  is  commonly  defined  as  relative  runup. 

Summaries  of  previously  published  studies  on  wave  runup,  using 
various  methods  of  data  presentation,  were  reported  in  Koh  and 
Le  Mehaute  (1966);  van  Dorn  (1966);  van  Dorn,  Le  Mehaute,  and  Hwang 
(1968);  Webber  and  Bullock  (1970);  Technical  Advisory  Committee  on 
Protection  Against  Inundation  (1974);  and  Raichlen  (1975).  The  pres- 
entation of  data  in  this  study  is  consistent  with  that  used  in  the  Shore 
Protection  Manual  (SPM)  (U.S.  Army,  Corps  of  Engineers,  Coastal  Engineer- 
ing Research  Center,  1977). 

Only  short-period  waves,  which  are  of  primary  interest  to  coastal 
engineers,  were  considered  for  this  study,  although  long-period  waves 
such  as  tsunamis  are  under  extensive  study.  Wind  waves  are  the  major 
component  of  the  short-period  wave  group,  but  other  waves  such  as  ship- 
generated waves  are  also  of  interest.  An  arbitrary  definition  for 
short-period  waves  is  that  wave  periods  are  less  than  20  seconds 
(Le  Mehaute,  Koh,  and  Hwang,  1968).  The  SPM  gives  mean  periods  for 
visual  observations  on  the  U.S.  coasts  (Fig.  1),  and  the  periods  fall 
well  within  this  classification. 

Monochromatic  waves  are  approximated  by  nature  usually  during 
periods  when  swell  is  predominant  at  the  shore.  Structural  design  is 
usually  influenced  (or  determined)  by  storm  conditions,  including  a 
confused  sea  of  irregular  waves.  Although  several  reports  have  dis- 
cussed this  problem,  it  is  not  yet  clear  how  to  fully  evaluate  the  runup 
produced  by  irregular  waves.  Current  development  of  programable  wave 
generators  and  improved  methods  for  data  acquisition  will  facilitate 
future  analysis  of  irregular  waves  and  runup. 

This  report  uses  the  results  from  extensive  literature  on  monochro- 
matic wave  testing,  which  covers  a wide  range  of  variables  (i.e.,  struc- 
ture types,  structure  slopes,  beach  slopes,  etc.).  Section  II  discusses 
the  dimensional  analysis;  Section  III  discusses  empirical  equations  for 
breaking  wave  runup,  and  includes  a flow  chart  defining  the  limits  for 
use  of  various  solutions  of  runup  on  smooth  slopes.  Experimental  data 
are  also  presented  for  smooth  slopes  in  the  form  of  empirical  curves 
based  on  a reanalysis  of  smooth-slope  runup  data.  Rough-slope  runup  is 
subsequently  developed  with  emphasis  on  use  of  quarrystone  and  precast- 
concrete  armor  units.  The  rough-slope  runup  is  given,  where  practical, 
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as  relative  runup,  R/H q,  but  is  also  given  as  a ratio  of  rough-slope 
runup  to  smooth-slope  runup  for  a particular  structure  type  and  slope. 
Scale  effects  are  reviewed  using  Reynolds  numbers,  but  only  a limited 
number  of  large-scale  tests  are  available.  Consequently,  a single 
scale- correction  curve  is  given  for  smooth  slopes;  scale-effect  correc- 
tions for  rough  slopes  are  discussed,  and  correction  values  are  given. 

II.  PROBLEM  DEFINITION 

Extensive  theoretical  and  laboratory  work  has  been  reported  for 
regular  waves--waves  which  are  long  crested  and  periodic  in  time. 

Figure  2 is  a definition  sketch  of  the  important  dimensions  for  de- 
scribing runup  tests. 

The  wave  is  defined  by  its  height,  H,  and  length,  L,  in  water 
of  given  depth,  d.  Wavelength  is  a function  of  period,  T,  and  depth, 
where 

L-  *“"(¥)  ‘ (fr)  “”>(¥)  ' (1) 

Lq  is  the  deepwater  wavelength,  where  deep  water  is  defined  as  d > 0.5L 
(Table  1;  Fig.  2).  Deep  water  may  or  may  not  exist  for  a given  experi- 
ment or  field  problem;  however,  deepwater  values  can  be  calculated. 
Deepwater  variables  are  preferred  because  of  the  general  applicability 
of  results  and  because  the  deepwater  wavelength  is  then  only  a function 
of  period.  The  use  of  deepwater  variables  is  particularly  applicable 
to  problems  involving  sloping  beaches,  because  the  difficulty  in  des- 
cribing varying  wavelengths  on  sloping  bottoms  is  avoided. 


Table  1.  Relative  water  depths. 


Shallow  water 

Transitional  water 

Deep  water 

d/L 

<0.04 

0.04  to  0.5 

>0.5 

d/gT2 

<0.00155 

0.00155  to  0.0793 

t ■"»  1 ■!  sr-  i - r — »X-..I  .j  -a  . — r J-  - 3-^j 

>0.0793 

Wave  height  is  also  a function  of  water  depth,  and  in  a given  depth 
is  related  to  the  deepwater  wave  height  by  a shoaling  coefficient,  Kg ; 
linear  theory  gives  the  expression 

' k ’ • (j  , |(4»d/L)/slnh(4iid/L)g-  (2) 

where  is  the  unrefracted  equivalent  deepwater  wave  height  of  a 

wave  approaching  the  shoreline,  and  d,  L,  and  H are  the  shallow- 
water  values  at  the  depth  of  interest.  The  shoaling  coefficient  is 
derived  from  theory  for  waves  in  water  of  constant  depth,  d,  but  the 
relationship  is  commonly  applied  to  coastal  areas  with  variable  depths. 
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Except  for  extremely  small  d/L  values  or  for  waves  near  breaking, 
equation  (2)  approximates  the  shoaling  coefficient  for  waves  traversing 
gentle  bottom  slopes.  Most  laboratory  experiments  have  used  structures 
fronted  by  uniform  water  depths  (formed  by  the  tank  floor).  In  other 
experiments  with  slopes  fronting  the  structures,  the  wave  height  usually 
was  measured  in  the  uniform  water  depth  of  the  flat  part  of  the  wave 
tank.  In  both  situations  the  transformation  of  the  wave  height  from 
measured  height  to  deepwater  height  is  particularly  applicable  using 
the  linear  theory  shoaling  coefficient  (eq.  2)  because  of  the  relatively 
large  tank  depth  in  most  cases.  Some  researchers  use  the  wave  height, 

H,  at  a given  depth  (usually  the  structure  toe)  to  define  relative 
runup.  The  drawback  in  using  this  approach  to  describe  wave  height  is 
that  on  sloping  beaches  the  wave  may  break  before  reaching  the  toe  of 
the  structure,  and  the  resulting  broken  wave  is  not  easily  related  to 
the  nonbreaking  wave  characteristics. 

Data  were  compiled  for  regular  waves  and  uniform  structure  slopes 
according  to  the  variables  dg , H^,  h,,,  kr,  Z,  R,  T,  3,  6,  v,  and  g, 
from  which  the  following  dimensionless  variables  were  derived: 


«i_ 

gT2 

£a 

R_ 

Hi 

e 

8 

Hi 

kr 


wave  steepness 

relative  depth  at  structure 

relative  runup 

structure  slope 
beach  slope 

relative  roughness 


Z 

gT2 

hp 

da 


depth  Reynolds  number,  Rg 

relative  horizontal  length  of  beach  slope 


relative  core  height 
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The  roughness  value,  k*.,  is  used  in  describing  roughness  elements  on 
a slope.  For  stone,  kr  is  the  equivalent  spherical  diameter,  based 
on  the  weight  and  density  of  the  armor  unit;  for  a concrete  armor  unit, 
kr  is  defined  specifically  as  a characteristic  dimension  of  that  armor 
unit.  Because  effects  of  porosity  and  roughness  are  difficult  to  differ- 
entiate, various  structure  types  and  cross  sections  are  analyzed  indepen- 
dently, with  notation  describing  the  structure  characteristics  (e.g., 
filter  layers,  if  any;  thickness  of  armor  layer;  height  of  core). 


One  of  the  above  dimensionless  variables  is  reformulated  and, 
together  with  the  other  dimensionless  variables,  gives  the  following 
principal  variables  used: 


R_ 

"o 


gT2 


HI 


-1  0 


(3) 


where  Rg  is  the  depth  Reynolds  nunber  (discussed  in  Sec.  VI, 2).  The 
term  £/L  is  used,  rather  than  1/ gT2,  because  it  was  assumed  that  if 
the  wavelength  in  the  flat  part  of  the  tank  is  L < 2f,  the  relative 
runup  would  be  a function  of  a wave  substantially  influenced  by  the 
beach  slope,  and  the  relative  beach-slope  length,  t/L,  could  be 
neglected.  Some  experiments  had  wavelengths  much  longer  than  the  slope 
length  (up  to  L as  5f).  For  such  conditions,  in  which  L > 2 t,  relative 
runup  is  expected  to  be  a function,  in  part,  of  1/ L.  This  beach-slope 
effect  is  discussed  further  in  Section  IV, 3. 


The  term  d^/H^  (relative  depth)  is  used  for  consistency  with  the 
SPM.  However,  it  is  useful  in  that  for  each  value  of  dg/H^,  the 
relative  roughness  term,  H^,/kr,  also  has  a constant  value  for  a given 
absolute  armor  unit  dimension  and  depth.  An  alternate  form  of  relative 
depth,  dg/gT2,  is  used  occasionally,  but  principally  as  a means  of 
deriving  dg/H^  (see  Sec.  IV) . 

III.  THEORETICAL  AND  EMPIRICAL  EQUATIONS 


i 


1.  General . 

Theories  dealing  with  wave  runup  at  the  shoreline  are  applicable  to 
either  breaking  or  nonbreaking  waves,  but  usually  not  both  types.  In 
this  classification,  waves  break  because  of  instability  caused  by 
decreasing  depths  instead  of  instability  related  to  waves  of  maximum 
steepness  in  a uniform  water  depth.  Various  breaking  criteria  have 
been  developed;  a detailed  discussion  is  given  in  Technical  Advisory 
Committee  on  Protection  Against  Inundation  (1974).  Most  nonbreaking 
wave  theories  are  derived  for  rather  long  waves  on  very  gentle,  uniform 
slopes  extending  to  an  "infinite"  depth.  Breaking  wave  theories  gener- 
ally are  concerned  with  a bore-type  propagation  on  gentle  slopes,  rather 
than  the  plunging  or  spilling  types  commonly  encountered  on  structures 
or  steep  beaches.  Breaking  waves  are  discussed  here  as  related  to 
structures  in  the  coastal  zone. 
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Miche  (1951)  developed  breaking  criteria  for  smooth  uniform  slopes 
extending  to  deep  water.  All  waves  incident  to  the  slope  would  then  be 
considered  deepwater  waves.  His  condition  for  breaking  waves  is 

sin20  /IfT  _ . it  , 

— *-  > *—  ./ — for  0 < — (radians)  . (4) 

gT2  " 2u2  4 

Miche's  equation  was  derived  to  indicate  the  wave  steepness  at  which 
a wave  would  begin  to  break  on  a particular  slope.  This  incipient 
breaking  was  defined  to  occur  when  the  reflection  coefficient 
Wreflected/Hinoident)  became  less  than  unity.  This  definition 
assumes  that  nonbreaking  waves  have  perfect  reflection. 

For  a given  slope,  however,  there  is  a range  of  wave  steepnesses 
between  incipient  breaking  and  complete  breaking.  Incipient  booking 
is  the  point  at  which  the  wave  exhibits  the  first  signs  of  instability, 
such  as  slight  spilling  at  the  crest.  Complete  breaking  would  apply  to 
a wave  which  has  become  a plunging  breaker  or  a turbulent  spilling 
breaker  in  approaching  or  moving  onto  a structure  or  uniform  beach  slope. 

Iribarren  Cavanilles  and  Nogales  y Olano  (1949)  (as  referenced  in 
Hunt,  1959)  gave  a breaking  criterion  that  indicates  incident  waves 
meeting  the  following  condition  will  break. 

— > 0.031  tan2  0 . (5) 

gT2 

Hunt  noted  that  equation  (5)  gave  a wave  steepness  value,  H/gT2,  inter- 
mediate between  complete  reflection  and  complete  breaking.  He  listed 
the  experimental  values  of  Iribarren  Cavanilles  and  Nogales  y Olano, 
but  water  depths  were  not  included  in  the  data.  Nevertheless,  both 
Iribarren  Cavanilles  and  Nogales  y Olano  (1950)  and  Hunt  (1959)  applied 
equation  (5)  to  slopes  fronted  by  a finite  depth.  In  such  cases,  depth 
effects  both  on  incident  waves  and  on  the  breaking  criteria  would  be 
expected.  Shallow-water  and  transitional -water  waves  (defined  in 
Table  1)  would  be  expected  to  break  at  steepness  values  different  from 
deepwater  waves. 

Available  runip  data  have  been  obtained  for  predominantly  nondeep- 
water  conditions,  where  relative  depth  is  a factor  in  the  wave's  inter- 
action with  a slope.  For  a given  relative  depth,  d^/gT2,  relative 
runip,  R/HJ , increases  with  increasing  wave  steepness,  H^/gT2,  (for 
a sufficiently  low  steepness)  until  reaching  a maximum;  R/H^  values 
then  decrease  with  even  larger  values  of  H^/gT2.  The  wave  steepness 
corresponding  to  maximum  relative  runup  is  taken  to  be  the  point  of  in- 
cipient breaking,  or  the  largest  wave  steepness  for  total  reflection. 
Rump  data  show  that  maximum  relative  rump  for  dg/gT2  > 0.0793  (i.e., 
deep  water)  occurs  at  a wave  steepness  approximately  the  same  as 


(9 


predicted  by  Miche  (.1951)  (eq.  4)  for  incipient  breaking.  For  a given 
slope,  however,  maximum  relative  runup  for  successively  smaller  values 
of  ds/gT2  occurs  at  correspondingly  smaller  values  of  11^/gT2.  This 
relationship  is  shown  in  Figure  3 which  is  a set  of  runup  data  curves 
for  a smooth  1 on  2.25  slope  fronted  by  a horizontal  bottom,  bach  line 
represents  a different  da/gT2  value,  and  it  shows  that  the  maximum 
R/H^  value  occurs  for  a range  of  \\'0/ gT2  values  as  dg/gT2  varies. 

Comparison  of  data  for  different  slopes  indicates  that,  when  11  and 
Uq  are  considered  approximately  equal,  equation  (5)  gives  roughly  the 
maximum  wave  steepness  for  nonbreaking  waves.  It  does  not,  however, 
preclude  breaking  waves  for  lower  values  of  H^/gT2  and  dg/gT2. 

Miche  (1944)  developed  the  following  theoretical  equation  for  non- 
breaking wave  runup  for  structures  in  deep  water: 


where  0 is  the  structure  slope  measured  in  radians.  This  equation  is 
applicable  only  to  waves  which  are  in  deep  water  at  the  structure  toe, 
and  to  steeper  structure  slopes. 

Hunt  (1959)  gave  an  empirical  equation  for  runup  from  waves  breaking 
on  a structure  slope,  using  equation  (5)  as  a limiting  condition,  as 

- = 0.405  — — for  i > 0.031  tan2  6 . (7) 

H (H/gT2)  W2  gT2 

Hunt's  equation  was  developed  from  the  observation  that,  for  the  steeper 
waves  which  break  on  the  structure  slope,  relative  depth  loses  its  sig- 
nificance in  determining  runup. 

Since  a wave  may  break  on  a slope  for  differing  wave  steepnesses  as 
relative  depth,  c^/gT2,  varies.  Figure  4 was  developed  from  smooth- 
slope  runup  data  to  show  the  variations.  The  lines  in  the  figure  are 
based  on  estimates  of  the  wave  steepness  values  for  which  a curve  of 
constant  dg/gT2  becomes  tangent  to  the  "line  of  complete  breaking" 
which  is  determined  empirically  for  each  structure  slope  from  data  plots 
(see  example  in  Fig.  3).  The  lines  in  Figure  4 give  estimates  of  the 
minimum  wave  steepnesses  necessary  for  incident  waves  to  break  on  a 
given  slope  for  the  particular  relative  depths,  dg/gT2.  From  the 
empirical  data,  an  equation  similar  to  equation  (7)  but  developed  for 
the  deepwater  wave  height  is 

, H ' \q-i 

— = (cot  e)-1-0*1  (4.23)  (10)2^-1)  for  cot  0 > 2.0  . (8) 

'gT 2 I 
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Figure  4.  Fmpirical  curves  of  minimum  wave  steepness 
for  complete  wave  breaking  at  a specified 
smooth  slope  and  relative  depth. 
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This  equation  defines  the  line  which  is  approximately  tangent  to  the 
dg/gT2  lines  (see  Fig.  3),  particularly  for  the  higher  H^/gT2  values, 
and  is  equivalent  to  the  line  of  complete  breaking  in  Figure  3 if 
cot  0 = 2.25.  The  value  of  q can  be  taken  from  Figure  5 for  the 
appropriate  structure  slope.  Values  of  q vary  approximately  between 
0.4  and  0.7.  If  a value  of  q = 0.5  is  used,  equation  (8)  essentially 
reduces  to  Hunt's  (1959)  equation  (eq.  7)  for  H however,  equa- 

tion (8)  appears  to  give  values  which  agree  somewhat  better  with  experi- 
mental values  using  H^. 

Equation  (8)  is  applicable  only  for  smooth  slopes  where  cot  0 » 2.0. 
Alternatively,  the  runup  curves  given  in  Section  V,1  may  be  used  for 
cot  0 > 2.0,  but  the  curves  must  be  used  for  cot  0 < 2.0  (i.e.  , steeper 
slopes) . 

Equation  (8)  was  derived  from  data  for  a structure  on  a flat  bottom, 
but  it  may  be  applied  to  structures  on  sloping  bottoms  provided  d g/H^ 
is  approximately  three  or  greater;  i.e.,  the  equation  is  applicable  to 
waves  which  do  not  break  before  reaching  the  structure,  but  do  break  on 
the  structure  slope. 

Basically,  equation  (8)  will  provide  conservative  values.  Nonbreak- 
ing waves  will  have  relative  runup  equal  to  or  less  than  predicted  by 
this  equation  because  the  relative  runup  from  nonbreaking  waves  is  also 
a function  of  relative  depth.  Relative  depth  is  not  included  in  the 
equation.  If  the  wave  climate  at  a location  consists  primarily  of  waves 
of  high  steepness,  nearly  all  waves  will  break  on  the  structure  and 
equation  (8)  may  be  used.  Such  a situation  would  exist  if  the  waves 
meet  the  conditions  of  equation  (5),  using  % H. 

In  contrast,  some  wave  climates  have  predominantly  long  waves  (low 
dg/gT2  values)  of  low  steepness.  This  situation  occurs,  for  example, 
on  the  southwestern  coast  of  the  United  States.  Design  wave  conditions 
may  include  waves  which  break  on  the  structure  slope,  in  front  of  the 
structure  because  of  depth  limitations,  or  nonbreaking  waves  of  the 
surging  type.  For  exanyle,  Vanoni  and  Raichlen  (1966)  tested  long- 
period  surging  waves  for  h California  location.  Use  of  equation  (8) 
to  derive  smooth-slope  runup  from  surging  waves  or  waves  breaking  in 
front  of  the  structure  would  give  relative  runup  values  too  high, 
although  such  a conservative  value  might  be  desired.  Furthermore,  as 
noted  later  in  the  discussion  of  the  qualitative  aspects  of  runup,  the 
absolute  runup,  R,  maximum  will  occur  for  the  maximum  steepness  of  an 
incident  wave  train  of  constant  dg/gT2  providing  the  waves  do  not 
break  before  reaching  the  structure. 

A flow  chart  for  runup  on  a smooth  structure  slope  fronted  by  a 
horizontal  bottom  is  given  in  Figure  6.  Variables  subscripted  with 
the  letter  i are  incident  wave  characteristics  at  the  location  where 
measured. 
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Cot  0 


Figure  5.  Values  of  q for  equation  (8). 


2.  Example  Problems. 

*************  EXAMPLE  PROBLEM  l************** 

GIVEN:  An  impermeable  structure  has  a smooth  slope  of  1 on  0.5 

(63.4°  or  1.107  radians)  and  is  fronted  by  a horizontal  bottom. 

The  design  depth  at  the  structure  toe  is  dfl  <*  10.0  meters  (33 
feet);  design  wave  height  is  H = 1.25  meters  (4.1  feet);  and 
design  wave  period  is  T = 3.2  seconds. 


FIND:  Using  the  flow  chart  in  Figure  6,  determine  the  expected  relative 
runup  of  a wave  approaching  the  structure  at  perpendicular  incidence. 

SOLUTION:  In  following  the  flow  chart  note  that  d,-,  the  depth  where 
the  wave  height  is  measured,  is  the  same  as  the  toe  depth,  d^ ; 

= — — = 0.0996  > 0.08  . 

gT2  (9.8) ( 3 . 2 ) 2 


live  re  fore, 


H « = 1.25  meters 


1.25 

(9.8) (3. 2)  2 


0.01246 


sin20  fW__  (0. 894) 2 i(2)  ( 1 . 107)  ' . ()<034 
2ti2\it  2 it  2 V w 

Thus , 

% < sin29  J20 

gT2  2ti2  vtt 

and  from  Miche  (1951)  (eq.  4),  this  is  a nonbreaking  wave. 


cot  0 = 0.5  < 5 ; 


Then  (from  eq.  6) 

° yfnr*  \l 2(1. 107V"  1,19 * 

Alternatively,  the  relative  runup  can  be  determined  using  the  runup 
curves  given  in  Section  V,l. 
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*************  EXAMPLE  PROBLEM  2 


* 


************* 


GIVEN:  An  impermeable  structure  has  a smooth  slope  of  1 on  3 

(18.4°  or  0.322  radians)  and  is  fronted  by  a horizontal  bottom. 
The  design  depth  at  the  structure  toe  is  d8  = 10.0  meters; 
design  wave  height  is  II  = 1.25  meters;  and  design  wave  period 
is  T = 3.2  seconds. 


FIND:  Using  the  flow  chart  in  Figure  6,  determine  the  expected  rela- 
tive  runup  of  a wave  approaching  the  structure  at  perpendicular 
incidence. 

SOLUTION:  This  problem  differs  from  example  problem  1 only  in  structure 
slope;  some  values  are  obtained  from  example  problem  1,  Following 
the  flow  chart, 

sin20  /2?  (0.316) 2 12(0.322) ‘ . 0 t}022n 

2- Vn  2-n-1  V it 


0.01246 


_ sln2e 
2fl2 


Thus,  the  wave  may  be  breaking.  Next, 

0.031  tan2e  = 0. 031(0. 333) 2 = 0.00345. 


Th  us. 


Hi  , 

— = 0.01246  > 0.031  tan20  = 0.00345  , 
gT2 


and  the  wave  is  breaking.  Also,  because  cot  0 = 3 > 2,  equation  (.8) 
may  be  used. 

From  Figure  5,  q = 0.555  for  cot  0 = 3;  q - 1 = -0.445. 


By  equation  (8), 

— = (cot  e)-1-04  (4.23) ( io) 2 Cq- 1 ) (Ik 
% \ «T 


= ( 3)  “ 1,0  4 (4.23)  (IO)-0'89  (0.01246) -°-445 
= (0.319) (4.23) (0.1288) (7.0387) 
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Uquat ion  (8)  was  derived  empirically  from  small-scale  experiment s. 
I'ho  calculated  value  of  relative  runup  should  be  increased  using  the 
appropriate  scale-ettect  correction  factor  (discussed  in  Sec.  VII, 

Hus  problem  can  also  be  solved  by  us  inn  the  smooth -s lope  runup 
curves  given  in  Section  V , 1 . 


*************  CXAMl'U:  I’ROBl.hM  3 ************** 

lllVl.N:  An  impormeable  1 on  3 structure  is  fronted  by  a horizontal 
bottom,  llie  design  depth  at  the  structure  toe  is  d,,  « 10.0 
meters ; design  wave  height  is  II  • 3.0  meters  (11.8  feet)  ; and 
wave  period  is  T ■ 13  seconds. 

KIND:  Using  the  flow  chart  in  figure  6,  determine  the  expected  relative 
runup  of  a wave  approaching  the  structure  at  perpendicular  incidence. 

SOUTH  ON:  Hie  depth  where  wave  height  is  measured,  dy , is  the  same  as 
the  structure  toe  depth,  d., . 

— . . o.ooft  v 0.08  . 

RT-  (9.8) (13)* 

Ihus  II  a II*  and  lit  must  be  calculated  as  noted  in  the  flow 
chart.  IP,  - ll/K,t ; k,.  may  be  determined  from  equation  (2)  or  from 
Table  C-  l'  in  the’  S I'M.  I'o  use  the  table,  determine 


n)  ■ (0.006) (Jn)  “ 0.03"9. 


I row  l ab  le  f 1 , read : 


* iF  *K07S  • 

o 


llul  culat  e : 


llien , 


IP,  » ~ * - “ 3.349  meters  (11.0  feet) 

3.349 


-r  ■ 0.0020 


gT-  (9. 8)11  Ji- 
ll.031  tan-'o  ■ 0.031(0.333)*'  - 0.00344  . 


and , 


% 

V 

Rl* 


0.002  v 0.031  tan- 0 - 0.0034  . 
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Therefore,  determine  if  11^,/gT2  is  greater  than  the  appropriate 
value  in  Figure  4.  First,  from  Figure  4,  for  cot  0=3  and 
dg/gT2  = 0.00b, 


(\\ 

) pjg  4 


w 0.0017  . 


Thus , 


0.002  > 


4 


0.0017  , 


and  the  wave  is  breaking.  Also,  cot  3 = 3 > 2,  so  equation  (8)  may 
be  used.  From  Figure  5,  for  cot  0 = 3,  q = 0.555. 


q - 1 = -0.445 

= (cot  0)-1-01'  (4.23) (io)2Cq-0  ^2-j 

= (3)  “ 1-04  (4.23)  (10) -°-89  (0.002) '0-4 4 5 
= (0.319)(4.23)(0.1288)(15. S87) 

fiV  = 2.76. 
no 

Again,  as  in  example  problem  2,  the  answer  should  be  increased 
by  the  appropriate  scale-effect  correction  factor  (discussed  in 
Sec.  VI).  This  example  problem  can  also  be  derived  using  the 
smooth-slope  runup  curves  given  in  Section  V,l. 

************************************ 

IV.  QUALITATIVE  ANALYSIS 


1.  General . 

Laboratory  studies  of  runup  generally  have  indicated  relative  runup 
in  terms  of  wave  steepness  (e.g.,  R/H^  versus  H^/gT2  or  R/H  versus  11/ L) , 
but  have  not  always  been  specific  about  relative  depth  effects.  Some 
studies  have  presented  data  for  only  limited  wave  conditions.  It  is 
important  that  all  variables  be  investigated.  Valid  simplifications 
have  been  made,  but  it  is  necessary  to  know  the  limiting  conditions  for 
such  simplifications. 
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Evaluation  of  runup  data  allows  presentation  in  a manner  similar 
to  the  conceptual  sketch  in  Figure  7,  using  one  form  of  relative  depth, 
dtf/gT2.  The  presentation  in  Figure  7 is  particularly  useful  for  results 
of  tests  in  which  a wide  range  of  wave  heights  are  used  for  each  wave 
period  because  the  curves  can  be  drawn  with  some  degree  of  confidence. 

Data  plotted  as  in  Figure  7 can  be  further  analyzed  to  derive  lines 
of  constant  dy/ll^.  For  each  d^/gT2  line,  values  of  llck/gT‘  corres- 
ponding to  specific  dj. /1 1^,  values  can  be  determined  by 

!!L , v(sT?) 

gT2  " ds/H^ 

Values  of  R/H^  at  the  appropriate  H^/gT2  value  can  then  be  deter- 
mined. This  analysis  is  shown  in  Figure  8 where  lines  of  dg/li^  have 
been  superimposed  on  lines  of  da/gT2  (as  shown  in  Fig.  7).  Analyses 
show  that  even  for  high  values  of  dF/ll^  (i.e.,  8.0,  15.0,  30.0,  etc.) 
the  relative  depth  is  important  under  certain  conditions  and  accounts 
for  much  of  the  scatter  in  some  plots  of  earlier  investigators. 

Figure  8 also  leads  to  the  reinterpretation  of  some  previous  runup 
plots;  e.g.,  Figure  9 shows  the  rubb lc-mound  runup  curves  for  various 
slopes  drawn  as  upper  envelopes  to  the  runup  data.  The  right-hand  parts 
of  the  rubble-mound  curves  are  essentially  correct,  lying  in  the  region 
where  waves  breaking  on  the  structure  slopes  have  little  dependence  on 
dg/H^.  The  left-hand  part  of  the  curves  (lower  values  of  11^,/gT2) , 
however,  tend  to  follow  the  runup  values  of  the  longest  wave  period 
tested;  a wave  period  longer  than  those  tested  would  give  higher  K/liJ, 
values  in  the  lower  H^/gT2  region.  Lines  of  constant  dg/ll^  can  be 
defined  for  Figure  9,  and  do  have  negative  or  zero  slopes  similar  to 
the  dg/H'  lines  in  Figure  8 or  the  smooth-slope  lines  in  Figure  9. 

Furthermore,  the  d.,/!!',  curves  are  not  necessarily  straight  lines 
(on  log-log  graph  paper).  On  steep  structure  slopes,  with  or  without  a 
sloping  beach,  low  values  of  d.,/!!^  tend  to  produce  a straight  line  but 
higher  dg/H£  values  give  a ’'plateaulike"  effect  in  the  approximate 
range  0.001  < 11^/gT2  < 0.00b.  The  lower  limit  tends  to  decrease  with 
high  dg/UJ,  values.  Figure  10  shows  the  trends  for  a steep  structure 
slope  fronted  by  a sloping  beach. 

The  plateau  area  is  attributable,  apparently,  to  the  confined 
results  of  a change  from  breaking  to  nonbreaking  waves,  for  decreasing 
11^/gT2,  and  of  a changing  shoaling  coefficient  as  the  relative  depth, 
djt/gT2,  progressively  decreases.  Flatter  slopes,  on  which  waves  are 
breaking  for  a wider  range  of  H^/gT2,  display  less  dependence  of  R/Hc, 
on  dg/ll^  for  H^/gT2  > 0.001. 
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Relative  runup  comparisons  between  smooth  slopes  ami 
permeable  rubble-mound  slopes;  s 3.0.  Rubblc- 

mouiul  slope  curves  an*  envelope  curves  only  (U.S.  Army, 
Corps  of  engineers,  Coastal  engineering  Research  Center 
1977)  . 
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Figure  10.  Schematic  t renJs  of  d^/lM,  for 
steep  slopes  on  a sloping  beach 


2.  Slope  Roughness. 


For  rough-slope  data,  the  use  of  ds/H^,  curves  has  the  advantage  of 
having  constant  H^/kr  curves  coincident  with  dg/ir  curves.  The  dis- 
advantage is  that  relatively  few  experiments  have  been  undertaken  where 
the  armor  unit  sizes  have  been  varied  to  allow  differentiation  of  rough- 
ness effects  from  depth  effects.  Armor  sizes  have  been  varied  in 
studies  by  Hudson  (1958),  Hudson  and  Jackson  (1962),  Jackson  (1968a), 
and  Ahrens  (1975a).  Jackson  (1968a)  had  a rather  limited  range  of  dg/H^ 
values.  Ahrens  (1975a)  tested  slopes  of  1 on  2.5,  1 on  3.5,  and  1 on  5 
at  near-prototype  scale  (dg  = 4.57  meters  or  15  feet)  with  a wide  range 
of  H^/gT2.  Rough-slope  results  are  discussed  in  Section  V,2. 

3.  Kffects  of  Beach  Slope  Fronting  a Structure. 

The  presence  of  a slope  in  front  of  a structure  may  or  may  not  affect 
a wave.  Effects  of  slope  will  depend  on  wave  conditions  and  the  local 
geometry  or  laboratory  test  arrangement.  Three  cases  may  be  defined 
(see  also  Fig.  2) : 


(a)  Case  1.  ds/gT2  > 0.0793.  An  incident  wave  that  has  deepwater 
characteristics  at  the  structure  toe  will  not  be  influenced  by  the  slope 
in  front  of  the  structure.  A horizontal  bottom  at  the  same  depth,  ds , 
would  also  have  no  effect  on  the  wave. 

(b)  Case  2.  dg/gT2  < 0.0793;  d/gT2  2 0.0793.  An  incident  wave  that 
has  deepwater  characteristics  at  the  toe  of  the  beach  slope  will  not  be 
influenced  by  the  bottom  (horizontal  or  sloping)  seaward  of  the  beach 
slope,  but  the  wave  will  be  modified  to  some  degree  by  the  beach  slope, 
dependent  on  the  toe  depth  of  the  structure.  This  case  is  the  desired 
condition  for  laboratory  tests  where  only  a particular  beach  slope  (but 
not  the  slope  length)  is  specified.  The  implication  is  that  the  beach 
slope  extends  into  deep  water. 

(c)  Case  3.  ds/gT2  < 0.0793;  d/gT2  < 0.0793.  An  incident  wave  that 
has  transitional  or  shallow-water  characteristics  at  the  toe  of  the  beach 
slope  will  be  modified  by  the  beach  slope.  The  beach-slope  effect  is  not 
only  a function  of  relative  toe  depth,  dg/gT2,  but  also  a function  of 
the  relative  depth  seaward  of  the  beach  slope,  d/gT2.  The  latter  rela- 
tionship is  expressed  equivalently  in  this  study  with  the  dimensionless 
variable  Z/ L,  where  Z is  the  horizontal  beach-slope  length  and  L 

is  the  wavelength  for  a given  period,  T,  in  the  uniform  depth  seaward 
of  the  beach  slope.  Design  curves  for  smooth-slope  runup  are  limited  to 
Z/L  > 0.5  in  this  study  since  there  are  insufficient  data  to  adequately 
define  the  effects  of  shorter  beach-slope  lengths  on  runup. 

However,  consideration  of  the  various  relations  between  beach-slope 
geometry,  relative  depths,  and  wave  shoaling  allows  the  following 
expectations  (conditions)  of  runup: 


(a)  Condition  1.  Structure  fronted  by  horizontal  bottom.  For  a 
given  djj /H^,  and  H^/gT2,  this  geometry  results  in  the  highest  rela- 
tive runup.  (However,  smaller  dg/H^  values  are  obtained  when  sloping 
beaches  are  present,  with  consequently  higher  relative  runup  in  some 
cases . ) 

(b)  Condition  2.  Structure  fronted  by  a sloping  beach  extending 
to  deep  water  (same  as  case  2).  For  the  same  dg /\V0  and  H^/gT2 
values  noted  in  condition  1,  this  geometry  gives  the  minimum  relative 
runup  (but  the  relative  rumip  may  be  comparable  to  other  geometries  for 
certain  conditions) . 

(c)  Condition  3.  Structure  fronted  by  a sloping  beach  terminating 
in  shallow  water  (same  as  case  3).  For  the  same  wave  conditions  given 
in  conditions  1 and  2,  this  geometry  allows  intermediate  values  of  rela- 
tive runup  which  is  dependent  on  the  relative  beach-slope  length,  Z/L. 
For  this  study,  relative  runup  was  assumed,  somewhat  arbitrarily,  to  be 
negligibly  dependent  on  Z/L  for  Z/L  > 0.5.  (This  assumption  allowed 
most  of  the  small-scale  smooth-slope  data  to  be  incorporated  in  the 
design  curves  of  Sec.  V,l.)  Furthermore,  in  instances  where  this 
assumption  is  applicable,  the  geometry  is  considered  essentially  com- 
parable to  case  2.  As  Z/L  decreases  from  Z/L  =&0.5,  and  keeping 
dg/H^  and  H^/gT2  constant,  relative  runup  would  increase  and  asynqj- 
totically  approach  the  relative  runup  for  a structure  on  a horizontal 
beach  with  the  same  dg/H^  value,  if  applicable.  (A  value  of 

dg/H 'Q  - 0.6,  for  exanpie,  would  not  be  obtained  in  the  presence  of  a 
horizontal  bottom.) 

(d)  Condition  4.  Varying  beach-slope  angles.  For  given  ds/\\'0, 

Wq/ gT2,  and  for  either  deep  water  or  a uniform  depth  seaward  of  the 
beach  slope,  as  the  beach-slope  angle  becomes  smaller,  relative  runup 
increases  if  the  wave  does  not  break  in  front  of  the  structure.  The 
relative  runup  would  asymptotically  approach  the  values  for  runup  on 

a structure  sited  on  a horizontal  bottom.  If  the  wave  breaks  in  front 
of  the  structure  while  passing  over  a flatter  beach  slope  but  does  not 
break  over  a steeper  beach,  then  relative  runup  may  be  higher  on  the 
structure  fronted  by  the  steeper  beach. 

(e)  Condition  5.  Varying  dg/H^  values  for  a structure  fronted 
by  a sloping  beach.  As  dg/H^  increases,  the  beach  slope  becomes  less 
important  for  the  relative  runup  of  the  higher  wave  steepnesses. 

The  runup  expectations  in  these  conditions  are  based  on  the  assump- 
tion that  the  shoaling  coefficient,  H/H^,  for  the  particular  toe  depth, 
d.,  is  equal  to  or  greater  than  one.  Actually,  this  assumption  is  not 
always  true  since  the  steeper  waves  generally  occur  in  the  larger  rela- 
tive depths  {dg/ gT2  > 0.009)  for  which  H/H^  may  vary  between  0.913 
and  1.0.  Any  effect  of  this  relationship  on  relative  runup,  however, 
is  apparently  obscured  by  data  variability  and  so  is  not  considered  in 
the  above  examples. 
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4.  Breaking  Waves. 

Waves  are  classified  as  breaking  or  nonbreaking  according  to  two 
different  definitions.  The  first  definition  is  based  on  whether  a wave 
breaks  at  or  seaward  of  a structure  toe  (region  I,  Fig.  11).  The  second 
and  more  inclusive  definition  is  based  on  whether  a wave  breaks  at  all, 
either  on  or  seaward  of  the  structure  (in  either  region  I or  II,  Fig.  11). 
A nonbreaking  wave  by  the  second  definition  is  assumed  for  some  purposes 
to  represent  total  reflection  on  smooth  slopes,  although  there  is  cer- 
tainly energy  loss  on  a rubble  slope  even  if  waves  are  nonbreaking. 


Jackson  (1968a),  for  example,  reported  tests  on  rubble  structures 
with  various  armor  units  where  waves  were  not  breaking  seaward  of  the 
structure  toe.  He  referred  to  "nonbreaking"  waves;  however,  conditions 
were  such  that  some  waves  would  be  expected  to  break  on  the  structure 
when  past  the  structure  toe  (region  II,  Fig.  11). 

Palmer  and  Walker  (1970),  however,  studied  runup  on  a 1 on  1.5 
rubble  slope  fronted  by  a 1 on  50  beach.  Their  objective  was  the 
design  of  a structure  subjected  to  breaking  waves--waves  breaking 
either  on  the  structure  or  seaward  of  the  structure  toe.  Their  study 
fits  the  second  definition  of  breaking  waves;  i.e.,  breaking  in  either 
region  I or  region  II  in  Figure  11. 

Saville  (1956)  gave  results  of  extensive  smooth-slope  testing,  and 
included  waves  breaking  in  both  regions  I and  II  (Fig.  11),  but  specific 
conditions  for  breaking  were  not  given.  However,  by  comparing  theoreti- 
cal breaking  wave  conditions  with  some  experiments  for  which  the  break- 
ing wave  conditions  were  given  (e.g..  Palmer  and  Walker,  1970),  the 
following  discussion  is  considered  applicable. 

Figure  12(a)  shows  an  exanple  d^/gT2  curve  for  a structure  sited 
on  a sloping  beach;  Figure  12(b)  is  for  a structure  sited  on  a flat 
beach.  For  a wide  range  of  H^/gT2  values,  there  is  a maximum  rela- 
tive runup  (R/iy)  for  each  d„/gT2  curve.  This  maximum  value  may  be 
on  a rather  sharp,  peaked  curve  or  on  a broad,  flat  curve.  The  positive 
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slope  part  of  the  curve  represents  nonbreaking  wave  conditions.  The 
maximum  value  of  R/H^  on  the  curve  represents  initiation  of  breaking, 
followed  by  constant  or  decreasing  relative  runup  for  increasing  wave 
steepness.  The  above  interpretation  is  consistent  with  Granthem  (1953), 
who  observed  conditions  when  waves  were  breaking  or  nonbreaking.  Similar 
observations  were  also  made  by  Hunt  (1959),  Hosoi  and  Mitsui  (1963), 

Le  Mehaute,  Koh,  and  Hwang  (1968),  Raichlen  and  Hammack  (1974),  and  the 
Technical  Advisory  Committee  on  Protection  against  Inundation  (1974). 


structures  on  sloping  and  flat  beaches  (values 
of  d /gT2  not  necessarily  the  same). 

O 


Another  characteristic  of  the  runup  curve  for  a structure  fronted  by 
a sloping  beach  is  shown  in  Figure  12(a).  Waves  breaking  seaward  of  the 
structure  toe  will  have  relative  runup  equal  to  or  less  than  that  for 
waves  breaking  at  the  structure  toe.  This  breaking  condition  exists  for 
wave  steepness  values  for  which  the  negative  slope  of  the  de/gT2  curve 
is  equal  to  or  steeper  than  the  slope  of  a line  of  constant  R/gT2 
(Fig.  13).  The  maximum  dimensional  runup  will  occur  for  the  wave  steep- 
ness value  where  the  ds/gT2  curve  becomes  tangent  to  a line  of  con- 
stant R/gT2. 


5 . Maximum  Runty. 

Maximum  relative  runup,  R/H^,  for  a range  of  wave  conditions  is 
readily  determined  from  dimensionless  plots.  However,  maximum  dimen- 
sional runup,  R,  for  the  given  conditions,  is  not  necessarily  coinci- 
dent with  maximum  relative  runup,  R/H^. 
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Figure  13.  Conditions  for  wave  breaking  on 

beach  slope  in  front  of  structure. 


For  structures  sited  on  horizontal  bottoms ^ the  maximum  dimensional 
runup,  R,  for  a given  relative  depth,  dp/gT*-,  occurs  for  the  maximum 
wave  steepness.  The  maximum  steepness  of  an  incident  wave  is  limited 
according  to  the  theoretical  equation  (Miche,  1944), 


0.14 


tanh 


1.9) 


The  actual  maximum  wave  steepness  measured  in  runup  experiments  is  less 
because  of  reflection  effects  from  the  structure  and,  in  laboratory 
testing,  because  of  difficulty  in  generating  a nonbreaking  wave  of 
such  steepness.  Savi lie's  (195b)  tests  had  maximum  steepness  values 
equal  to  70  percent  of  that  predicted  for  the  shorter  wave  periods, 
and  * 57  percent  of  that  predicted  for  the  longer  periods.  Only  a few 
other  experiments  have  had  greater  wave  steepnesses.  It  is  unclear 
whether  these  reduced  wave  steepness  values  were  chosen  maximums, 
functions  of  equipment  limitations,  or  experimental  maximums  designed 
to  prevent  the  wave's  breaking  in  transit  to  the  structure. 

For  structures  sited  on  sloping  beaches,  the  maximum  dimensional 
runup  occurs  for  waves  breaking  at  or  near  the  structure  toe.  Graphi- 
cally, for  constant  dp/gT2,  maximum  runup,  R,  occurs  for  the  wave 
steepness  where  the  negative  slope  of  the  R/H^  versus  d8/gT2  curve 
becomes  steeper  than  the  slope  of  a line  of  constant  R/gT‘  (Fig.  13). 

However,  the  smooth-slope  design  curves  given  in  Section  V, 1 do 
not  list  values  of  dp/gT2.  In  using  these  curves,  the  following  com- 
ments on  relative  runup  and  dimensional  runup  are  important.  For  struc 
tures  sited  on  horizontal  beaches , for  a given  vave  steepness,  both  the 
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maximum  relative  runup  and  the  maximum  dimensional  runup  occur  at  the 
minimum  ds/H<i,  value.  For  structures  sited  on  a 1 on  10  sloping 
bottom,  maximum  dimensional  runup  may  or  may  not  be  coincident  with  the 
maximum  relative  runup  determined  for  a range  of  wave  conditions.  If 
depth,  ds,  and  wave  steepness  are  assumed  constant,  then  maximum 
relative  runup  occurs  when  1.0  < dg/H^  < 1.5,  but  maximum  dimensional 
runup  occurs  when  ds/\\'0  is  a minimum  (in  this  study  when  ds  > 0, 
then  {d8/\V0)min  = 0.6).  In  cases  where  a beach  slope  is  flatter  than 
1 on  10,  then  for  a given  wave  steepness,  the  maximum  relative  runup 
will  occur  for  somewhat  higher  dg/H^  values  (1.5  < d8/W'0  < 2.0). 
However,  if  wave  height,  H^,  and  wave  steepness  are  held  constant, 
the  maximum  dimensional  runup  will  be  coincident  with  maximum  relative 
runup  as  dg/H^  varies  (i.e.,  as  ds  changes).  The  maximums 
(R/H£  and  R)  may  occur  at  any  value  of  dg /\\'Q  (including  dg/H^  = 0) 
depending  on  the  wave  steepness  being  considered.  Runup  maximums  would 
occur  at  intermediate  values  of  dg/H^  (1.0  < dg/H^  < 1.5)  for  high 
values  of  H^/gT2,  but  at  low  values  of  d s/Hq  for  low  values  of 
H^/ gT2.  For  a given  wave  period  and  constant  depth,  dg , (with  wave 
steepness  varying  as  dg/H^  varies),  maximum  dimensional  runup  is 
generally  not  coincident  with  maximum  relative  rump;  furthermore,  the 
maximum  dimensional  runup  may  occur  at  other  than  the  minimum  dg/H^ 
value.  These  relationships  are  highlighted  in  example  problem  7 in 
Section  V,l,e. 


V.  EXPERIMENTAL  RESULTS 


1.  Smooth  Slopes. 

a.  Past  Research.  Smooth  slopes  are  simplest  to  construct  in 
experiments,  and  the  results  are  easiest  to  analyze.  Consequently, 
many  laboratory  tests  have  been  carried  out  using  smooth  slopes.  A 
partial  listing  of  runup  studies  conducted  with  smooth  slopes  and  the 
ranges  of  conditions  tested  are  given  in  Table  2.  Wave  conditions  for 
most  of  these  studies  appear  to  cover  a wide  range,  but  many  of  the 
actual  conditions  tested  (H^/gT2  and  ds/gT2  pairs)  are  rather  limited. 

Granthem  (1953)  was  one  of  the  earliest  to  investigate  the  effects 
of  wave  steepness,  relative  depth,  and  structure  slope  on  runup.  How- 
ever, runup  values  are  generally  below  values  determined  from  this 
study's  design  runup  curves  based  principally  on  data  of  Saville  (1956) 
and  Savage  (1958).  Some  differences  are  appreciable,  and  the  reasons 
are  unclear  since  the  model  dimensions  were  similar.  Saville  (1955), 
in  conjunction  with  overtopping  experiments,  reported  runup  results  for 
structures  sited  on  a 1 on  10  beach.  He  tabulated  the  maximum  observed 
runup  values  for  each  condition  but  the  results  had  greater  variations 
in  trends  than  shown  by  later  reports  using  average  values.  Saville 
(1956)  conducted  a large  number  of  tests  investigating  effects  of  rela- 
tive depth,  relative  steepness,  structure  slope,  and  beach  slope.  Tests 
of  beach-slope  effects  were  limited  to  structures  sited  on  the  horizontal 
wave  tank  bottom  and  on  a 1 on  10  slope. 
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< tost  ctMitlm. 


Sturt* 

9 raft  la1 

Structure  slop# 

(cat  •) 

Saach  slop# 

(cot  l) 

& 

Grant haa  (1933) 

A 

Vortical,  o 2 7,  o SB. 

1 0.  1.41,  1.75, 

I 14.  Ml,  S.»S 

0.0004  to  0.01B1 

0.004  to  0.0*4 

Hitlil  (19SS) 

B 

Vortical;  IS.  3.0 

10.0 

0.00041  to  0.01* 

0.  and  0.000* 2 to  0.031* 

Saw  11  la 

A 

l.S,  2.2%,  3.0,  4.0. 

*.0.  10.9 

0.00001S  to  0.01*'* 

0 .001054  to  0.0*99 

Saw 11 la  (its*) 

l.S.  1.1$,  3.0.  4.0. 

*.0.  10* 

10.0 

0.00001$  to  0.01*7 

0.  and  0.0002*7  to  0.0227* 

Hudson.  Jackson,  and  Cucklor 
l»»ST) 

A 

2.0.  3.0.  4.0.  *0, 

10.0 

0.0042  to  0.0113 

0.0102?  and  0.0133 

Hudson.  Jackson,  and  Cucklar 

(its?) 

» 

2.0.  3.0.  4.0.  *.0, 

10.0 

10.0 

0.0042  to  0.0113 

0.00317  to  0.0133 

Saul II*  (ItS*) 

• 

3.0,  *0 

10.0 

0.00011  to  0.013S 

0.000445  to  0.01B2 

ShinoAnm  (19SS) 

A 

10.0 

0 . 000 1S9  to  0.0143 

Not  flvaa 

Sato  and  lltbl  (1954) 

9 

2.0 

17.0 

0.000*4  to  0.0104 

0,  and  0.00159  to  0.022* 

Savaja  (1*5*.  19S9) 

A 

Vortical;  0.S,  1.0, 
l.S.  2.2$.  4.0.  *.0. 

10. 0,  39. 0 

0.0000*2  to  0.0143 

0.0017*  to  0.074* 

Soronson  and  Vlllonbrock  (19*2) 

A 

4.0 

0.001B3  to  0.01490 

0.0133*  to  0.09*9 

Talian  and  VasiUnd  (19*3) 

4.0 

0.0024 % to  0.0207 

0.01*94  to  0.07B 

Hosoi  and  Mitsui  119*3) 

(■odi find) 

l.S 

Coaplas 

0.00095  to  0.0127 

-O.OOTid  to  0.0170 
(Nagstiva  for  to*  of 
structure  *bova  S»L) 

Toainaga,  Hashiaoto,  and 

Sakta*  ( 19**) 

» 

Vortical;  OS,  1.0, 

2.0.  3.0 

20.0,  30.0 

0.0004  to  0.0127 

0.  and  0.00159  to  0.0159 

SuccS  and  Mhali*  (19*9) 

• 

22.0 

• 70.0 

3 « 10*‘  to  0.00*4 

0.00009  to  0.0109 

•uccl  and  MhaUa  (IB’O) 

A 

2.0,  4.0,  *.0,  10.0, 
20.0.  30.0 

0.0001**  to  0.019S 

0.0077*  to  0.0*34 

Mussbaia  and  Collar  (1971) 

A 

3.0 

0.00110  to  0.01131 

0.009B9  to  0.0417 

Raich  tan  and  HaMBck  (197#) 

■ 

2.0 

200.0 

0.0002  to  0.027B 

0.002*1  to  0.0*21 

Takada  (1974) 

B 

Vartlcal 

10.0 

0.0024*  to  O.OOS91 

0.  and  0.00079*  to  0.0143 

Ahrons  (197$*) 

A 

10.0 

0.000030  to  0.01 39S 

0.0017*  to  0.0749 

lPrvfll«  A 


3^* 


'Mot  applicable. 
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1 luils on,  Jackson,  anil  Cockier  (1957)  reported  results  of  runup  and 
overtopoing  for  structure  slopes  ranging  from  1 on  2 to  1 on  10  with 
the  structure  slope  fronted  hy  a 1 on  10  beach  slope.  A rather  narrow 
r;inge  of  wave  steepness  was  investigated  but  different  water  depths 
were  used  and  the  structure  geometry  was  varied,  including  the  beach- 
slope  length,  Z.  Relative  runup  results  varied  for  the  differing 
geometries,  even  for  equal  wave  conditions  (11^/gT2  and  dj./gl'2),  and  the 
variations  probably  result  in  part  from  the  differing  relative  beach- 
slope  length,  Z/L.  However,  the  data  are  insufficient  to  further 
define  the  effect. 

Saville  (1958)  described  large-scale  tests  and  tests  for  identical 
conditions  at  one-tenth  scale.  A wide  range  of  wave  steepnesses  was 
tested,  but  relative  depth  (d(,/ll^)  had  a rather  narrow  range.  These 
tests  were  used  by  Saville  to  develop  scale-effect  correction  factors. 

Shinohara  (1958)  investigated  breaker  heights  and  wave  runup  on 
1 on  10  and  1 on  20  slopes.  His  runup  values  for  the  1 on  10  slope 
were  less  than  those  of  Saville  (1956),  and  the  1 on  20  runup  values 
were  bracketed  by  Savi lie's  curves  for  the  1 on  10  and  1 on  30  slopes. 
Savage  (1958)  gave  runup  test  results  for  smooth  and  rough  slopes  sited 
on  a horizontal  surface;  results  were  plotted  to  emphasize  roughness 
and  permeability.  In  Savage  (1959),  the  same  basic  data  were  given, 
but  the  data  were  plotted  as  R/II^  versus  ll^/T2  for  each  specific 
structure  slope  and  roughness.  Sorensen  and  Willenbrock  (1902)  studied 
runup  on  a smooth  1 on  4 slope,  both  with  and  without  a berm;  Talian 
and  Vesilind  ( 19(>3)  provided  additional  data  for  the  same  structure  but 
used  different  water  depths.  The  wave  heights  wore  measured  values; 
however,  when  converted  to  deepwater  values,  the  results  for  the  smooth 
slope  agree  well  with  Saville’s  (1956)  data.  Sorensen  and  Wi 1 lenbrock 's 
results  are  also  incorporated  in  llerbich,  Sorensen,  and  Willenbrock 
(1963). 

llosoi  and  Mitsui  (1963)  tested  runup  on  a 1 on  1.5  slope  for  compli- 
cated geometry  seaward  of  the  structure  which  in  some  cases  was  located 
shoreward  of  the  waterline.  Tominaga,  llashimoto,  and  Sakuma  (1966) 
described  runup  on  four  different  structure  slopes  sited  on  1 on  20  and 
1 on  30  beach  slopes.  Their  results  for  the  1 on  20  beach  showed  rela- 
tive runup  for  the  lower  wave  steepnesses  and  for  d.,/11^  < 1.0  to  be 
lower  than  runup  results  obtained  on  a structure  fronted  by  a 1 on  10 
slope,  such  as  tested  by  Saville  (1956).  Results  for  other  conditions 
seem  comparable  for  the  two  beach  slopes.  Bucci  and  IVhalin  (1969) 
generated  low  steepness  waves  for  runup  on  slopes  of  approximately 
1 on  22  in  a three-dimensional  model  of  Monterey  Bay,  California. 

Bucci  and  Whalin  (1970)  conducted  two-dimensional  runup  studies  using 
high  steepness  waves,  and  the  use  of  the  results  allows  extension  of 
the  range  of  high  wave  steepness  runup  values  beyond  those  used  in  the 
SI’M  relative  runup  curves.  Nussbaum  and  Colley  (1971)  conducted  a 
limited  study  on  smooth  slopes  in  conjunction  with  tests  on  soil-cement 
stepped  slopes.  Ahrens  (1975b)  used  a new  runup  gage  which  gave  results 
for  a I on  10  slope  comparable  to  those  of  Saville  (1956)  and  Savage  (1959) 


The  Sl’M  presents  a set  of  smooth-slope  runup  curves  based  princi- 
pally on  Saville  (1956)  and  Savage  (1958;  1959).  Relative  depth 
(dj./ll^)  effects  are  included  in  the  set  of  curves,  but  are  given  as 
ranges  of  values.  The  data  were  reanalyzed  for  this  study  to  determine 
runup  curves  for  specific  dy/H^  values.  Having  such  specific  condi- 
tions not  only  allows  direct  runup  comparisons  with  rough-slope  data 
for  the  same  wave  conditions  and  structure  geometry,  hut  allows  better 
interpolation  between  sets  of  curves  for  intermediate  dy/H^  values, 
and  allows  calculation  of  specific  values  of  the  alternate  relative 
depth,  d?/gT2.  The  smooth-s lope  design  curves  are  discussed  below. 

b.  Smooth  Structure  Fronted  by  Horizontal  Bottom.  Only  limited 
runup  data  were  obtained  by  Saville  (1956)  and  Savage  (1959)  for  a 
structure  on  a horizontal  bottom  in  depths  da/Ht',  < 3.0.  However,  much 
data  were  obtained  for  dy/ll^  > 3.0.  The  SPM  provides  only  one  set  of 
curves  for  dy/H^  > 3.0  which  tends  to  give  conservative  results  (high 
predictions)  for  large  cl.. /H values.  It  is  incorrect  (although 
stated  in  some  recent  studies)  that  depth  effects  are  not  present  for 
dy/H',  > 3.0.  Figures  14,  15,  and  16  give  relative  runup  for  dy/HJ, 
values  of  3.0,  5.0,  and  8.0.  Larger  values  were  not  used  because  a 
requirement  for  large  dy/ll^  values  would  be  rare;  when  such  a require- 
ment occurs  (e.g.,  in  a reservoir),  the  set  of  curves  for  dy/H^  = 6.0 
should  be  used.  When  runup  values  are  required  for  dy/H^  < 3.0,  the 
curves  for  dy/llj,  = 3.0  should  be  used. 


Relative  depth  effects  are  negligible  for  a particular  wave  steep- 
ness in  those  instances  when  waves  are  breaking  on  the  structure  slope. 
This  observation  has  been  made  by  various  researchers . It  can  also  be 
shown  by  examination  of  the  design  curves;  e.g.,  a comparison  of  Figures 
14,  15,  and  16  for  HJ/gT2  = 0.0124  shows  that,  for  cot  0 > 3.0,  all 
three  figures  have  approximately  equal  relative  runup  for  a particular 
s lope. 


c . Smooth  Structure  Fronted  by  1 on  10  Beach  Slope  and  Zero  Toe 
Depth  (dy  = 0) . A structure  with  zero  toe  depth  (d„  = O')  presents  a 
special  case  in  that  relative  depths  seaward  of  the  beach  slope  are 
not  adequately  specified  by  dy/lU,  = 0.  Therefore,  in  the  case  of  zero 
toe  depth,  wave  conditions  are  specified  using  the  depth,  d,  at  the 
toe  of  the  beach  slope.  Figures  17,  18,  and  19  present  the  results  for 
d/Hp  (not  dy/H£)  values  of  3.0,  5.0,  and  8.0  with  a 1 on  10  bottom  slope. 

d . Smooth  Structure  Fronted  by  1 on  10  Beach  Slope  ami  Toe  Depth 
Greater  than  Zero  (do  > 0) . Design  curves  based  on  small-scale  runup 
data  (Saville,  1956)  for  a smooth  structure  fronted  by  a 1 on  10  beach 
slope  are  given  in  Figures  20  to  23.  The  basic  data  were  obtained 
principally  for  cases  whore  the  relative  beach-slope  length,  C/1.,  was 
equal  to  or  greater  than  one-half  (this  lim  t is  shown  in  the  figures). 
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Structure  Slope  (cot 8) 

Figure  15.  Relative  runup  for  smooth  slopes  on  horizontal  bottom;  dg/H^ 


Figure  16.  Relative  runup  for  smooth  slopes  on  horizontal  bottom; 


Structure  Slope  (cot  9) 

Fibure  17.  Relative  runup  for  smooth  slopes  on  1 on  10  beach;  dg  = 0;  d/H^ 
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Structure  Slope  (cot  9) 

Figure  19.  Relative  runup  for  smooth  slopes  on  1 on  10  beach;  dg  = 0;  d/H^  = 8.0 


Figure  20.  Relative  runup  for  smooth  slopes  on  1 on  10  beach;  H/L  i 0.5;  dg/H, 
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Figure  22.  Relative  runup  for  smooth  slopes  on  1 on  10  beach;  t[ L 
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Figure  23.  Relative  runup  for  smooth  slopes  on  1 on  10  beach;  1/ L > 0.5;  dg./HI 
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The  experiments  used  two  different  toe  depths,  d».  = 0.058  and  O.llo 
meter  (.0,19  and  0.3S  foot),  and  a uniform  water  depth,  d = 0.381  meter 
Cl. 25  feet),  seaward  of  the  beach  slope,  resulting  in  corresponding 
changes  in  the  horizontal  length  of  beach  slope,  f.  Relative  runup 
differences  might  he  expected  for  tests  having  different  f/L  values 
but  the  same  incident  wave  characteristics  (HJ,/gT2  and  d^/H^);  however, 
negligible  differences  were  observed  for  cases  of  f/1.  > 0.5.  Conditions 
of  f/L  < 0.5  occurred  only  for  the  longer  wave  periods  which  also  had  low 
wave  steepnesses  (H'/gT2  < 0.001,  approximately).  For  these  conditions, 
relative  runup  was  higher  rather  consistently  for  the  smaller  values  of 
l/h.  The  tests  did  not  have  a sufficient  range  of  conditions  to  fur- 
ther define  the  effects  of  varying  relative  beach  slopes.  To  further 
confuse  the  question,  however,  tests  of  different  f/L  values  but  equal 
11^/ gT2  and  dtf/HJ,  values  would  be  expected  to  include,  because  of  the 
differing  toe  depths  (d$),  scale  effects  which  cannot  be  isolated  from 
apparent  beach-slope  effects. 

Use  of  Figures  20  to  23  should  be  limited  principally  to  conditions 
where  L/ L > 0.5.  This  particular  value  is  somewhat  arbitrary,  but  seems 
justified  on  the  basis  of  the  limited  testing.  For  values  of  t/ L < 0.5, 
but  high  dy/HJ,  (e.g.,  d^./M^  > 3.0),  the  runup  values  from  Figures  14, 
15,  and  lo  for  structures  on  horizontal  bottoms  should  be  used  as  upper 
bounds  of  relative  runup  on  structures  fronted  by  a 1 on  10  slope  with 
the  same  d£./H',  value.  In  the  case  of  f/L  < 0.5  with  low  values  of 
dj./HJ,  U'.g.,  O.o,  1.0,  etc.),  it  should  be  expected  that  relative  runup 
will  be  somewhat  h gher  than  predicted  from  the  curves  (Figs.  20  to  23), 
and  probably  not  exceeding  15  to  20  percent  higher.  The  effect  of  beach- 
slope  length  diminishes  as  the  structure  slope  decreases,  and  effectively 
ceases  to  be  significant  for  cot  0 > 4.0. 

e.  F x amp  1 e P rob  1 e ms . Problems  may  be  solved  in  part  by  use  of 
equation  (2)  together  with  equation  (1),  or  by  use  of  Tables  C-l  or  C-2 
in  the  SPM. 

*************  EXAMPLE  PROBLEM  q***«********** 

GIVEN : An  impermeable  structure  has  a smooth  slope  of  1 on  3 mid  is 
subjected  to  a design  wave,  11  = 2.5  meters  (8.2  feet),  measured  at 
a gage  located  in  a depth,  d = 10.0  meters.  Design  wave  period  is 
T = 8.0  seconds.  The  structure  is  fronted  by  a 1 on  90  bottom 
slope,  which  extends  seaward  beyond  the  point  of  wave  measurement. 
Design  depth  at  structure  toe  is  d<;  = 7.5  meters  (24. o feet). 

(Assume  no  wave  refraction  between  the  wave  gage  and  structure.) 

FIND:  Determine  the  height  above  SW1.  to  which  the  structure  must  be 
built  to  prevent  overtopping  by  the  design  wave. 
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SOLUTION:  The  wave  height  must  be  converted  to  a deepwater  value. 
Using  the  depth  where  wave  height  was  measured,  calculate 


gT2/2n  9 . S T2/2it  l.Sb(8)' 


0. 1002  . 


To  determine  the  shoaling  coefficient,  H/HJ,,  equation  (2)  can  be 
used  with  d = 10.0  meters  together  with  the  wavelength  determined 
from  equation  (.1).  Alternatively , Table  C-l  in  the  SPM  may  be  used. 


— = 0.1002  , 

'X) 


nr  0.9325  ; 


therefore. 


Hi  = — - — zcJI — 

° 0.9325  0.9325 


11^=  2 . bS  meters 


Calculate,  also. 


gT2  9.8(8) 


T = 0.00427 , 


and,  for  d,,  = 7.5  meters, 


2 . b8 


= 2.8. 


The  bottom  slope  is  very  gentle  (1  on  90).  Assuming  that  the  slope 
approximates  a horizontal  bottom,  the  appropriate  set  of  curves  for 
dg/H^  = 2.8  is  in  Figure  14  (for  dg/H^  = 3.0).  For  a 1 on  3 
st  ruct  lire  s 1 ope  and 


= 0.00427,  — = 2.0 
H< 
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The  runup , uncorrected  for  scale  effects,  is 


R = (2.0)  0^) 

■ (2.0) (2.68) 

R = 5.4  meters  (17.7  feet). 

The  scale  correction  factor,  k,  is  discussed:  in  Section  VI. 

« 

Alternatively,  use  of  Figure  0 together  with  equation  (8)  gives 
a value  of  R/Ht’,  = 1.97,  which  is  essentially  the  value  determined 
from  Figure  14. 


************************************ 

*************  EXAMPLE  PROBLEM  5************** 

(11 VI- N : An  impermeable  smooth  1 on  2 structure  is  fronted  by  a 1 on  10 
beach  slope.  Toe  depth  for  the  structure  is  dJt  = 3.0  meters  (0.8 
feet),  hut  the  beach  slope  extends  seaward  to  a depth  of  15.0 
meters  (40.2  feet),  beyond  which  the  slope  is  approximately  1 on 
100.  The  design  wave  approaches  normal  to  the  structure  and  has 
a height  of  II  = 2.8  meters  (0.2  feet)  and  period  of  T = 0.0 
seconds,  measured  at  a depth  of  16.0  meters  (52.5  feet). 

FIND:  Determine  the  height  of  wave  runup  using  the  appropriate  set 
of  curves  given  in  Section  V,l. 

SOLUTION : The  wave  height  given  is  not  the  deepwater  wave  height; 
it  is  measured,  however,  above  the  gentle  1 on  100  bottom  slope 
which  approximates  a horizontal  surface.  To  determine  the  shoal- 
ing coefficient,  k{, , for  the  location  of  measurement,  calculate 


d 


U") 


= — y (2n) 

(9.8) (9)2  ’ 

= (0.02016) (6.283) 

7-  = 0.12667  . 

W) 
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From  Table  C-l  in  the  SPM 


= Ijr  as  0.9180 

0 

% 

_ H _ 2.8 

Ks  0.9180 

II 

Iti  Iti 

o o 
in 

li 

O 

ID 

oo 

4* 

% 

3.05 

gT2 

(9.8) (9)2 

= 3.05  meters  (10.0  feet) 


= 0.00384. 


Relative  runup  is  determined  from  the  appropriate  set  of  curves;  for 
a structure  located  on  a 1 on  10  beach  with  dg/H q = 1.0,  use  Figure 
21.  The  value  of  1/ L must  then  be  determined. 

I = (15  - 3) (10)  = 120  meters  (393.7  feet). 

Next,  determine  the  wavelength  in  water  depth  of  15.0  meters  (the 
depth  at  the  toe  of  the  1 on  10  slope) . For 

i-.aam  , 0.n87> 

Lc  (9.8) (9)2 
and  from  Table  C-l, 


£ « 0.1570; 


therefore. 


L = -nr  = n ?*  ■ = 95.54  meters  (313.5  feet) . 
d/  L U . 15  /u 


Then, 


thus. 


£ _ 120 

L " 95.5 


= 1.26 


I>  °-5  * 
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and  from  Figure  21,  for 


The  runup  is 


= 0.0038  , 

gT7 


R_ 

Hi 


as  3.0 


R = (%)  = (3.0)  (3.05) 

R = 9.15  meters  (30.0  feet)  . 


(See  Sec.  VI  for  the  appropriate  scale-effect  correction  factor.) 

************************************ 


*************  EXAMPLE  PROBLEM  6************** 

GIVEN:  Conditions  are  similar  to  example  problem  5 with  one  exception. 
An  impermeable,  smooth,  1 on  2 structure  is  fronted  by  a 1 on  10 
beach  slope.  The  beach  slope  extends  seaward  to  a depth  of  15.0 
meters  beyond  which  the  slope  is  approximately  1 on  100.  The 
design  wave  approaches  normal  to  the  structure,  and  has  a height 
of  II  = 2.8  meters  and  per  of  T = 9.0  seconds,  measured  at  a 
depth  of  16  meters.  The  ..^eption  is  that  the  structure  is  located 
at  the  waterline;  i.e.,  ds  = 0. 

FIND:  Determine  the  height  of  wave  runup. 

SOLUTION : From  example  problem  5, 

3.05  meters 


0.00384  . 


However,  dg  = 0;  dg/H^  = 0.  To  enable  determination  of  runup,  the 
depth  at  the  toe  of  the  beach  slope  (d  = 15.0  meters)  is  used. 


d_  15 
\VQ  = 3.05 


4.92 


5.0. 


Because  the  slope  length  is  longer  than  in  example  problem  5, 
i.e.,  I = (15-0)  10  = 150.0  meters  (492.0  feet),  then 
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for  d/H^  = 5 and  H^/gT2  = 0.0038, 


(H^)  = (1.2) (3.05)  = 3.66  meters  (12.0  feet). 

(See  Sec.  VI  for  the  appropriate  scale-effect  correction  factor.) 

************************************ 

*************  EXAMPLE  PROBLEM  7************** 

GIVEN : A structure  is  designed  geometrically  similar  to  that  in  example 
problem  5,  where  an  impermeable,  smooth,  1 on  2 structure  is  fronted 
by  a 1 on  10  beach  slope.  Toe  depth  for  the  structure  is  dg  = 3.0 
meters  but  the  beach  slope  extends  seaward  to  a depth  of  15.0  meters 
beyond  which  the  slope  is  approximately  1 on  100.  However,  a range 
of  wave  periods  and  deepwater  wave  heights  are  known; 

H^  < 5.0  meters  (16.4  feet)  . 

FIND: ' Determine  maximum  runup  for  three  different  wave  conditions: 

T 'max  = 7.0  seconds;  Tmax  = 13.0  seconds;  and  constant  wave  steep- 
ness, H^/gT2  = 0.0104,  with  Trnax  = seconds. 

SOLUTION : For  any  given  dg/H^  value,  the  design  curves  show  that 
relative  runup  is  highest  for  the  longest  wave  period  (or  the 
lowest  wave  steepness,  H^/gT2).  However,  for  constant  toe  depth, 
dg , and  for  constant  wave  steepness,  the  largest  wave  height  (or 
lowest  dg/H^  value)  usually  results  in  the  largest  absolute  runup, 
R.  When  a sloping  beach  is  present  and  wave  steepness  varies,  with 
depth  held  constant,  the  maximum  runup  may  occur  at  a dg/H^  value 
other  than  the  minimum.  Thus,  runup  for  a range  of  dg/H^  values 
should  be  investigated  for  this  example  problem. 

(a)  For  the  first  condition  where  ^rnax  - 7.0  seconds,  the 
maximum  wave  height  given  is  H^  = 5.0  meters;  for  this  location,  the 
resultant  dg/H^,  value  is 


which  corresponds  to  the  lowest  value  given  in  Figures  20  to  23. 

The  maximum  runup  may  be  determined  by  constructing  a table  for 
varying  conditions.  Because  the  maximum  wave  period  is  less  here 
than  in  example  problem  5,  L is  also  less;  thus,  1/ L > 0.5  and 
Figures  20  to  23  may  be  used.  For  dg  = 3.0  meters,  T = 7.0  seconds, 
and  gT2  = 480.20  meters  (1,576.0  feet).  Table  3 may  be  constructed 


From  Figure  18 


hT  » 1.2 
no 


■ -iy 


■ 


■ 
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where  T is  held  constant  at  7.0  seconds  because  the  maximum  wave 
period  results  in  the  highest  relative  runup  for  each  value  of 
dg/H^.  The  maximum  runup  of  7.05  meters  (Table  3)  does  not  occur 
for  the  largest  wave  height  since  the  largest  waves  break  seaward 
of  the  structure  for  the  given  wave  period. 


Table  3.  Example  runup  for  T = 7 seconds,  constant 
depth,  and  (H^mox  = 5,0  meters- 


Fig. 

£s  1 

Hi 

On) 

gT2 

B_  2 

Hi 

R 

(m) 

20 

0.6 

5.0 

0.01041 

1.35 

6.75 

21 

1.0 

3.0 

0.00625 

2.35 

7.053 

22 

1.5 

2.0 

0.00416 

2.8 

5.6 

23 

3.0 

1.0 

0.00208 

2.6 

2.6 

values  selected  to  correspond  with  values  in 
figures;  ds  = 3.0  meters. 

2 cot  0 = 2.0. 


3r max  = meters. 

(b)  For  the  second  condition  where  Tmax  = 13.0  seconds,  the 
maximum  runup  would  occur  for  the  lowest  dg/H^  value.  To  check 
l/L,  for  d = 15.0  meters: 

d_  _ 15(2)  (nj  _ _ 0 057 

L0  (9.8) (13)2 

Y = 0.1013 

L = 148.1  meters; 

L = 12_—  = 0.81  > 0.5  . 

L 148.1 

Table  4 may  be  constructed  for  ds  = 3.0  meters,  T = 13.0  seconds, 
gT2  = 1,656.20  meters  (5,434  feet)  and  using  Figures  20  to  23. 
Table  4 shows  that,  in  this  case,  not  only  is  the  runup  higher  for 
the  longer  wave  period,  but  the  maximum  runup  occurs  at  a lower 
dg/H^  value  for  the  maximum  deepwater  wave  height. 

(c)  For  the  third  condition,  suppose  that  wave  steepness  is 
expected  to  be  most  important,  and  that  the  structure  is  being 
designed  for  a constant  wave  steepness  of  H^/gT2  = 0.0104  and  a 
maximum  period  of  7.0  seconds. 
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Table  4.  Example  runup  for  T = 13  seconds,  constant 
depth,  and  C^o^max  = 5.0  meters. 


Fig. 

£s  1 

% 

»i 

R 2 

R 

% 

(m) 

gT2 

Hi 

Cm) 

20 

0.6 

5.0 

0.00302 

2.49 

12. 453 

21 

1.0 

3.0 

0.00181 

3.80 

11.40 

22 

1.5 

2.0 

0.00121 

3.91 

7.82 

23 

3.0 

1.0 

0.000604 

3.15 

3.15 

Jds  = 3.0  meters. 

2cot  6 = 2.0. 

3Rmax  = 12.45  meters. 


Table  5 shows  the  characteristic  relationship  that  the  largest 
runup,  R,  occurs  for  the  lowest  dg/H^  value  when  H^/gT2  and 
dg  are  constant;  however,  the  largest  relative  runup  has  lower 
dimensional  runup.  Furthermore,  Table  5 does  not  indicate  the 
maximum  runup  to  be  expected  on  this  structure  for  the  given  con- 
ditions. Table  3 shows  the  maximum  to  be  **7.05  meters  for  a 
maximum  period  of  7.0  seconds. 


Table  5.  Example  runup  for  constant  wave  steepness,  H^/gT2  = 0.0104. 


Fig. 

Hi_ 

dg  1 

Hi 

T 2 

R 3 

R 

gT2 

«i 

(m) 

(s) 

Hi 

(m) 

20 

0.0104 

0.6 

5.0 

7.0 

1.35 

6.754 

21 

0.0104 

1.0 

3.0 

5.42 

1.88 

5.6* 

22 

0.0104 

1.5 

2.0 

4.43 

1.72 

3.44 

23 

0.0104 

3.0 

1.0 

3.13 

1.69 

1.69 

= 3.0  meters. 

2Tmax  = 7.0  seconds. 

3cot  e = 2.0. 

4Rmax  = 6 -75  meters. 

TTius,  care  should  be  exercised  in  determining  runup  for  a particular 
structure.  The  results  of  the  three  parts  of  this  problem  are 
suimnarized  in  Table  6.  Scale-effect  corrections  applicable  to  this 
example  problem  are  discussed  in  Section  VI. 
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Table  b.  Summary  of  maximum  runup  for  different  conditions. 


Table 

Wave  condition 

Maximum  R (m) 

3 

Constant  period;  T = 7.0  seconds 

7.05 

4 

Constant  period;  T = 13.0  seconds 

12.45 

5 

Constant  steepness: 

6.75 

H^/gT2  = 0.0104; 

Tmcw  = 7-°  seconds 

2.  Rubble  Slopes. 

Runup  data  for  rubble  slopes  have  traditionally  been  separated 
according  to  structure  type,  whether  for  rubble-mound  structures  or  for 
riprap  revetments.  There  is  no  essential  difference  between  the  two 
types  of  structures  with  respect  to  stone  sizes.  "Riprap"  is  commonly 
used  for  rubble  protection  of  an  embankment  slope  that  is  high  relative 
to  expected  waves.  "Rubhle  mound"  is  usually  applied  to  structures 
such  as  breakwaters  and  jetties  in  which  the  top  of  a relatively  imper- 
meable core  is  at  or  near  the  SWL,  and  the  part  of  the  structure  above 
the  core  is  relatively  permeable.  The  rubble-mound  structure  would  be 
expected  to  absorb  and  transmit  an  appreciable  amount  of  energy  through 
the  upper,  permeable  part  of  the  structure. 

Of  the  numerous  tests  conducted  on  rubble  slopes,  most  have  been 
principally  studies  of  armor  unit  stability  rather  than  wave  runup. 

Most  tests  where  runup  data  were  obtained  have  been  for  rather  limited 
wave  conditions  or  structure  geometry,  and  usually  model  specific  con- 
ditions for  a prototype  installation. 

Available  runup  data  for  rubble  slopes  may  be  divided  between  studies 
with  quarrystone  and  studies  with  concrete  armor  units.  Quarrystone 
dimensions  used  in  this  study  are  the  median  sieve  size  for  small-scale 
laboratory  tests  (if  given),  or  the  calculated  diameter  of  a sphere  of 
weight  equal  to  the  median  quarrystone  weight;  i.e.,  the  nominal  diam- 
eter. No  evaluation  of  grading  (or  sorting)  of  the  armor  stone  sizes 
is  attempted.  However,  most  quarrystone  layers  would  be  well  sorted 
(poorly  graded)  but  the  degree  of  sorting  is  only  a relative  term-- 
relative  to  another  assortment  of  stones.  A poorly  sorted  (well-graded) 
armor  layer  would  have  a large  fraction  of  smaller  rocks  which  could  fit 
in  the  void  spaces  between  larger  stones  and,  therefore,  reduce  the  cover 
layer  permeability  and  roughness. 

Concrete  armor  units  are  represented  by  a characteristic  length  dis- 
cussed later  in  this  section. 

a.  Quarrystone  Armor  Units.  Most  of  the  available  rubble-slope 
data  apply  to  quarrystone  armor  units.  Other  types  of  armor  units 
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(generally  precast  concrete)  have  been  tested  extensively,  but  usually 
for  stability  purposes.  Runup  results  for  concrete  units  are  discussed 
in  Section  V,2,b. 

(1)  Permeable  Structures.  Details  of  quarrystone  rubble-mound 
structures,  for  which  data  by  various  authors  were  reanalyzed,  are  given 
in  Figure  24.  Test  conditions  are  given  in  Table  7. 

Hudson  (1958,  1959)  tested  a breakwater  configuration  using  a wide 
range  of  slopes  and  wave  conditions.  The  tests  were  done  principally 
for  one  stone  size,  with  a smaller  stone  tested  for  the  1 on  4 and 
1 on  5 slopes.  In  the  tests  with  the  smaller  stone,  results  for  the 
1 on  5 slope  seemed  to  give  anomalously  high  runup  values,  and  are  not 
discussed  here. 

The  structure  geometry  used  by  Hudson  (1958)  is  shown  schematically 
in  Figure  24.  The  core  is  below  the  SWL  and  its  height-to-water  depth 
ratio  is  approximately  0.75,  with  only  armor  stone  above  the  top  of  the 
core.  The  structure  slope  used  i-  analyzing  the  relative  runup  is  the 
slope  above  the  core  level;  below  the  top  elevation  of  the  core,  the 
structure  slope  is  steeper,  being  1 on  2 for  upper  slopes  of  1 on  3, 

1 on  4,  and  1 on  5 (see  Fig.  24).  The  effects  of  this  nonplanar  slope 
on  runup  are  unclear.  Heights  of  waves  breaking  on  the  structure  would 
certainly  be  modified  (increased  or  decreased)  relative  to  a planar 
slope,  depending  on  the  effects  of  the  steepened  structure  on  shoaling. 

Runup  curves  based  on  data  by  Hudson  (1958)  are  shown  in  Figures 
25,  26,  and  27.  The  points  shown  in  the  figures  are  not  Hudson's  data 
points  but  are  values  interpolated  from  his  data  for  the  particular 
wave  conditions  noted  in  each  figure.  The  graphs  are  differentiated 
by  relative  depth,  dg/H^,  and  the  corresponding  relative  stone  size, 
H^/kj,,  where  kr  for  stones  is  the  nominal  stone  diameter. 

Jackson  (1968a)  conducted  limited  tests  on  a rubble-mound  breakwater 
using  "rough"  quarrystone  and  also  stone  essentially  the  same  as  Hudson's 
(Jackson's  "smooth"  quarrystone).  Jackson's  structure  differed,  however, 
in  having  a core  slightly  above  the  SWL  (see  Fig.  24).  If  the  second 
underlayer  is  included  in  the  core  height  (underlayer  stone  weight  = 
W/200,  where  W is  the  armor  stone  weight)  then  the  core  height  is 
approximately  1.1  ds,  whereas  Hudson's  core  height  was  « 0.75  dg . 
Jackson's  structure  would  be  expected  to  reduce  wave  transmission  with 
a consequent  increase  of  both  runup  and  reflection.  This  conclusion  is 
supported  by  the  available  data;  e.g.,  Jackson's  runup  data  are  approxi- 
mately 8 percent  higher  than  Hudson's  for  a 1 on  1.5  slope,  dg/H^  = 5.0. 
Figure  28  gives  example  runup  curves  derived  from  Jackson's  data  for 
smooth  quarrystone;  the  relative  depth  is  dg/H^  = 5.0. 

Savage  (1958,  1959)  tested  permeable  slopes  with  relatively  small 
diameter  stones.  His  structures  differed  from  Hudson's  and  Jackson's 
in  that  the  stone  "structure"  was  placed  against  the  vertical  tank  wall. 
Wave  transmission  through  the  structure  was  not  possible;  therefore, 
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Figure  24.  Permeable  rubble-mound  structures. 
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Figure  26.  Quarrystone  rubble-mound  runup;  dg/H^  = S.0; 

Hl/ky,  = 2.7;  hjda  « 0.75  (after  Hudson,  1958). 


reduction  in  runup  would  be  a function  of  surface  roughness,  total  void 
space,  and  friction  effects  within  a porous  medium.  Runup  curves  de- 
rived from  Savage's  data  are  given  in  Figures  29  and  30.  These  curves 
are  derived  from  data  for  the  largest  stone  size,  10.0  millimeters, 
tested  by  Savage,  and  for  which  H^/kr  =•  12.7  and  4.8  for  d g/H^  ■ 3.0 
and  8.0,  respectively.  His  data  for  all  stone  sizes  show  that,  for 
constant  wave  conditions  (dg/H^  and  H^/gT2) , runup  was  higher  on  slopes 
having  larger  values  of  H^/kj,  (i.e.,  smaller  stones). 

The  structure  used  by  Savage  was  actually  intermediate  between  a 
permeable  rubble  mound  and  impermeable  riprap.  This  structure  could  be 
considered  to  represent  riprap  with  a thickness  of  many  stones;  however, 
this  would  be  unusual  because  the  riprap  layer  in  prototype  installations 
is  generally  only  2 to  4 stones  thick.  It  could  represent  the  use  of 
stone  in  front  of  seawalls,  a practice  in  some  locations.  Also,  the 
tests  are  somewhat  unrealistic  in  that  the  stone  size  is  small  rela- 
tive to  wave  height  and  slope  stability  could  have  been  a problem. 

Direct  comparison  of  the  various  rubble-slope  runup  data  is  diffi- 
cult because  relative  stone  sizes  arc  not  always  the  same  for  given 
wave  conditions.  Indirect  comparisons  can  be  made  if  the  rubble-slope 
runup  values  are  first  calculated  as  fractions  of  smooth-slope  values. 
Then,  for  a specific  structure  slope  and  cross  section,  wave  steepness, 
and  relative  depth,  effects  of  the  relative  roughness  (H^/k^,)  may  be 
evaluated. 

The  rubble-slope  data  have  been  evaluated  in  this  manner  using  the 
appropriate  smooth-slope  curves  given  earlier.  The  ratio  of  rubble- 
slope  relative  runup  to  smooth-slope  relative  runup  is  designated  r. 

For  a given  slope,  relative  depth  (dg/ll^) , and  relative  roughness 
(H^/kj,) , r appeared  to  vary  with  wave  steepness,  as  might  be  expected, 
but  with  no  consistent  trend.  Therefore,  r values  for  several  wave 
steepnesses  were  averaged  for  constant  relative  depth,  relative  rough- 
ness, and  slope.  The  r values  based  on  data  of  Hudson  (1958)  and 
Savage  (1959)  are  given  in  Figures  31  and  32.  The  horizontal  axes  arc 
the  relative  roughness  or  relative  stone  size,  ll^/k^,.  Each  curve  is 
based  on  r values  averaged  over  a range  of  wave  steepness  for  each 
relative  stone  size  used  in  the  analysis. 

Hudson's  data  give  rather  low  r values  of  0.3b  to  0.64.  A posi- 
tive slope  trend  in  the  data  is  noticed  for  the  flatter  structure  slopes, 
and  might  be  expected  since  the  stone  size  becomes  smaller  relative  to 
the  wave  as  H^/kj,  increases. 

The  r values  for  the  quarrystone  rubble  mound  tested  by  Jackson 
(1968a)  are  given  in  Table  8.  Jackson's  data  are  for  limited  condi- 
tions; r valuer  are  0.48  to  0.52,  which  are  higher  than  Hudson's  data 
for  the  given  relative  stone  sizes.  This  result  is  expected  because  of 
the  higher  core  in  Jackson's  tests. 
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Figure  30.  Runup  on  rubble  slope;  dg/H 'Q  - 8.0;  H^/kr  = 4.8  (after  Savage,  1959). 


Table  8.  Values  of  r for  a quarrystone 

rubble  mound  (after  Jackson,  1968a) . 


H^/kj, 

Slope  (cot  0) 

r 

5.0 

2.7 

1.5  ( interpo lated) 

2.25 

0.52 

0.51 

5.0 

2.45 

1.5  (interpolated) 
2.25 

0.48 

0.48 

Savage's  data  have  a rather  wide  range  of  r values,  with  the  high- 
est values  for  the  steepest  structure  slopes.  The  observed  runup  values 
for  the  steep  slopes  are  probably  influenced  by  the  rather  short  hori- 
zontal distance  along  the  SWL  between  the  vertical  end  wall  and  the 
structure  slope.  Flatter  slopes  have  progressively  smaller  r values. 

A reversal  in  trends  of  the  plotted  lines  in  Figures  31  and  32  may 
be  a result  of  water  particle  motion  differences  for  breaking  and  non- 
breaking waves  (on  the  structure)  and  also  of  differences  between  stand- 
ing wave  and  surging  wave  effects  for  varying  structure  slopes. 

A value  of  r «0.50  to  0.55  appears  conservative  for  a rubble-mound 
structure  (such  as  that  tested  by  Jackson,  1968a)  with  the  top  of  the 
core  approximately  at  the  SWL.  Lesser  values  of  r appear  justified, 
usually,  for  a structure  with  low  core  height,  such  as  tested  by  Hudson 
(1958);  a very  steep  structure  slope  (e.g. , 1 on  1.25)  may  nevertheless 
have  high  r values.  Variations  in  H^/kr  will  also  affect  the  selec- 
tion of  an  r value.  A porous  structure  with  an  impermeable  backing, 
such  as  that  used  by  Savage  (1958),  has  considerable  variance,  with  r 
values  ranging  from  r «0.87  for  a 1 on  0.5  slope  to  r ^ 0.4  for  a 1 on 
10  slope. 

(2)  Impermeable  Structures.  Test  conditions  of  quarrystone 
revetment  runup  experiments  discussed  here  are  given  in  Table  9.  Cross- 
sectional  diagrams  are  shown  in  Figure  33. 

Saville  (1962)  conducted  runup  tests  in  a large  wave  tank  with  a 
depth  of  4.57  meters  (Fig.  33).  He  tested  riprap  on  a 1 on  1.5  slope 
sited  on  a horizontal  tank  bottom.  Armor  layers  of  both  one-  and 
three-stone  thicknesses  on  a concrete  slope  were  tested.  Instability 
problems  on  an  impermeable  base  would  be  appreciable,  particularly  for 
a layer  one  stone  thick.  Although  Saville  gives  results  for  both  armor 
unit  conditions,  only  the  results  for  the  layer  three  stones  thick  are 
given  here.  Relative  depth  varied  from  approximately  dg/H^  = 5.0  to 
dg/H '0  = 10.0,  plus  a few  points  at  larger  values;  relative  roughness 
or  stone  size  varied  from  \\'0IYr  = 3.0  (at  dg/H ^ = 5.0)  to  H^/kr  = 1.0 
(at  dg/H^  = 15.0).  Saville's  data,  when  compared  to  the  smooth-slope 
curves  presented  earlier,  have  values  of  r (averaged  for  several 
values  of  wave  steepness)  as  given  in  Table  10. 
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Armor  Layer; 


Table  10.  Values  of  r for  quarrystone  riprap, 
1 on  1.5  slope  (armor  layer  three 
stones  thick  on  impermeable  base) 
(after  Saville,  1962). 


dg/Ho 

H^/kj. 

Slope  (cot  6) 

r 

5.0 

3.0 

1.5 

*0.6 

8.0 

1.9 

1.5 

*0.625 

Hudson  and  Jackson  (1962)  tested  riprap  at  small  scales  (Fig.  33) 
using  two  structure  slopes,  1 on  2 and  1 on  3,  both  on  a horizontal 
tank  bottom.  Although  wave  conditions  were  somewhat  limited,  a range 
of  armor  and  underlayer  stone  sizes  were  tested.  Runup  curves  based 
on  these  tests  are  given  in  Figure  34.  The  curve  shapes  are  similar 
to  those  of  the  smooth-slope  curves  and  to  the  rubble-mound  curves. 

Analysis  of  smooth-slope  scale  effects  (see  Sec.  VI)  indicates  that 
scale  effects  between  the  various  small-scale  tests  conducted  by  Hudson 
and  Jackson  (1962)  would  be  negligible.  Accordingly,  the  data  were 
evaluated  for  stone-size  effects  confining  all  data  from  the  various 
model  scales.  No  clearly  discernible  trend  in  effects  of  stone  size 
was  found  for  the  1 on  2 slope;  an  r value  of  approximately  0.625 
appears  appropriate  (Fig.  35)  for  the  various  H^/kj,  values.  However, 
the  1 on  3 slope  shows  increasing  r values  with  increasing  \VQ/ kr 
values  (Fig.  35).  The  lines  through  the  data  in  the  figure  are  some- 
what arbitrary,  but  the  trends  seem  consistent  with  those  in  Figures 
31  and  32. 

Palmer  and  Walker  (1970)  tested  runup  on  a 1 on  1.5  rubble  slope  on 
a 1 on  50  beach  (Fig.  33),  and  gave  their  results  in  a set  of  curves 
using  different  variables  than  those  in  this  study.  Conversion  of  their 
results  for  selected  data  sets  gives  the  points  shown  in  Figure  36. 
Smooth-slope  runup  data  for  similar  conditions  are  not  available  for 
comparisons.  However,  for  larger  dg/H^  values,  runup  values  for  a 
structure  on  a flat  beach  would  be  expected  to  be  comparable  to  runup 
on  the  same  structure  sited  on  a 1 on  50  beach.  Comparisons  between 
Palmer  and  Walker's  values  and  values  for  smooth  structure  slopes 
fronted  by  a horizontal  beach  give  extremely  low  r va.  les  for  the 
larger  dg/H^  values  (r  * 0.38  for  dg/H^  = 3.0,  H^/kr  as  1.5  and 
r as  0. 26  for  dg/H^  = 5.0,  H^/kr  = 0.9).  It  is  unclear  why  the  values 
are  so  low,  but  part  of  the  reason  may  be  in  the  difficulty  of  measur- 
ing runup  on  a slope  with  relatively  large  stones  (H^/kj,  small).  Palmer 
and  Walker's  runup  values  for  dg/H^  = 1.5,  when  compared  with  runup 
values  for  a smooth  structure  slope  fronted  by  a 1 on  10  beach,  gave  a 
value  of  r a:  0.5  for  dg/H^  = 1.5  and  H^/kj.  a:  2.9. 

A useful  aspect  of  Palmer  and  Walker's  curves  is  that  breaking  con- 
ditions are  given,  where  breaking  is  the  depth-controlled  condition; 
i.e.,  waves  are  breaking  at  or  seaward  of  the  toe  of  the  structure. 
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Figure  34.  Runup  for  riprap  slopes,  approximately  two  layers  (after  Hudson  and  Jackson,  1962). 
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Figure  36.  Runup  curves  for  1 on  1.5  riprap  slope  fronted  by  1 on  50  bottom  slope 
(derived  from  Palmer  and  Walker,  1970). 


The  crosshatched  area  in  Figure  36  shows  that,  for  a 1 on  1.5  rubble 
slope  fronted  by  a 1 on  50  beach  slope,  the  maximum  absolute  runup, 
coincident  with  breaking  waves  at  or  seaward  of  the  structure  toe, 
occurs  for  dg/H^  **1.0  in  the  high  wave  steepness  range  (H^/gT2) , 
but  occurs  for  progressively  higher  dL/H^  values  as  H^/gT2  dimin- 
ishes, to  dg/H 'Q  sa  2.6  to  3.0  for  H^/gT2  as  0.0002. 

Raichlen  and  Hammack  (1974)  tested  structures  with  1 on  2 slopes, 
having  both  rough  (quarrystone  armor)  and  smooth  surfaces.  The  struc- 
tures were  fronted  by  a 1 on  200  beach  slope  (Fig.  33).  Smooth-slope 
runup  values  from  their  curves  were  converted  to  the  variables  used  in 
this  study  and  are  comparable  to  the  smooth-slope  runup  values  for  a 
structure  on  a horizontal  beach  given  in  Figures  14,  15,  and  16.  Runup 
values  of  Raichlen  and  Hammack  for  the  quarrystone  rubble  slope  were 
also  converted  to  variables  in  this  study  (Fig.  37),  and  were  compared 
with  their  smooth-slope  results.  The  various  r values  were  each 
determined  as  an  average  of  rough-slope  runup  to  smooth-slope  runup 
for  varying  wave  steepness  values  but  constant  dg/H^  values.  The 
resultant  curve  is  given  in  Figure  38.  The  rather  gentle  negative 
slope  of  the  line  for  the  1 on  2 structure  presents  a trend  similar  to 
that  in  Figures  31  and  32. 

Ahrens  (1975a;  personal  communication,  1975)  tested  riprap  slopes 
(Fig.  33)  in  a wave  tank  with  depth,  dg , of  4.57  meters.  The  armor 
layer  was  approximately  1.5  to  2 stones  thick,  with  a filter  underlayer 
lying  on  a core  of  bank- run  gravel.  Ahrens  used  various  armor  stone 
sizes,  and  for  each  slope  and  set  of  wave  conditions,  the  larger  Hi/kj, 
values  consistently  had  the  higher  values  of  relative  runup.  Figure  39 
shows  the  effect  of  H^/kj,  on  relative  runup  for  a range  of  wave  steep- 
nesses on  a 1 on  3.5  slope  for  dg/H^  = 7,  as  derived  from  Ahrens'  data; 
Figures  40  and  41  show  runup  curves  based  on  Ahrens'  data  for  the  spe- 
cific conditions  noted. 

Ahrens'  data  were  then  compared  to  the  data  for  smooth  structure 
slopes  fronted  by  a horizontal  bottom  and  the  resulting  r values  are 
given  in  Figure  42.  Results  of  his  runup  data,  which  were  obtained  in 
large-scale  testing, can  be  considered  near-prototype  scale.  The  r 
values  were  determined  by  compaiison  with  small-scale  smooth-slope  test 
results.  A difference  in  r values  between  large-  and  small-scale  tests 
for  rubble  structures  is  not  apparent.  However,  the  smooth-slope  runup 
curves  are  expected  to  underestimate  prototype  runup  (see  Sec.  VI); 
therefore,  application  of  the  values  in  Figure  42  would  give  conserva- 
tive results  when  used  with  appropriate  smooth-slope  values  uncorrected 
for  scale  effects. 

b.  Concrete  Armor  Units.  Concrete  armor  units  have  been  developed 
primarily  for  increased  stability  under  wave  attack.  In  areas  where 
rock  is  scarce  or  of  insufficient  size  or  quality,  concrete  armor  units 
may  become  an  economical  necessity.  Many  types  of  armor  units  are 
available  in  sizes  ranging  from  the  45-metric  ton  (50  tons)  tribar 
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Example  of  runup  for  1 on  3.5  riprap  slope 
de/H<?  = 7.0,  for  various  relative  stone 
sizes  (after  Ahrens,  1975a). 


2 3 456789  10 

Structure  slope  (cot  9) 


Figure  40.  Relative  runup  for  riprap  slopes; 
dg/H^  = 5.0;  H^/kp  ^ 3.15 
(after  Ahrens,  1975a). 
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Structure  slope  (cot  9) 

Figure  41.  Relative  runup  for  riprap  slopes; 
dg/H^  = 8.0;  H£/kr  = 2.8 
(after  Ahrens,  1975a). 
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(in  Hawaii)  to  the  6. 35-ki logram  (14  pounds)  Gobi  block.  Size  can 
usually  be  adjusted  according  to  need;  type  selection  may  depend  on 
armor  unit  stability  for  a given  structure.  Stability  coefficients 
are  given  in  the  SPM. 

Concrete  armor  units  have  been  tested  and  are  used  both  for  rubble- 
inound  structures  (usually  porous  near  the  top)  and  for  riprap  or  revet- 
ment structures  (usually  impermeable  to  wave  transmission) . Most  tests 
have  been  for  permeable  rubble-mound  structures. 

(1)  Permeable  Structures.  Jackson  (19b8a)  tested  several  armor 
units  for  runup  and  stability  (Fig.  43).  Further  details  of  the  armor 
units  are  given  in  the  SPM  or  Hudson  (1974).  Wave  conditions  used  in 
the  tests  were  limited  mostly  to  relative  depths  of  dg/H^  % 5.0.  The 
relative  armor  size  has  been  calculated  for  this  study  as  H^/kp,  using, 
for  kr,  the  length  dimensions  shown  in  Figure  43.  These  dimensions 
are  heights  of  armor  units  in  all  cases.  Jackson  used  rubble-mound 
structures,  and  relative  core  heights  calculated  from  photos  in  his  study 
have  values  of  \\a/ ds  1.14,  except  for  a structure  with  one  layer  of 
modified  cubes  on  a 1 on  3 slope  which  had  a value  of  h^/dg  « 1.4. 
Jackson's  sketches  of  all  structure  cross  sections  indicate  the  core 
and  lower  underlayer  to  be  below  SWL.  Since  his  photos  show  other  cases, 
it  is  unclear  what  the  values  would  be  for  the  remaining  situations. 

Jackson's  data,  after  conversion  to  deepwater  variables,  were  com- 
pared to  the  smooth-s lope  curves.  Results  are  summarized  in  Table  11. 
Each  r value  in  the  table  is  an  average  of  r values  determined  for 
two  or  three  wave  steepnesses  and  for  the  slope  and  value  of  dg/H', 
noted. 


Table  11.  Suaaary  of  r value*  (after  Jackson.  1968a)  ■ 


Araor  unit  and  placement  art hod 

Araor  layer 

Araor  unit  sue 

r values  for  d 

,/>V,  - s.oT 

(No.  of  units) 

(H^/kr  for  d./HL‘  - S.CH 

1 on  1 . 5 

1 on  1.75 

1 on  2.0 

1 on  2.2 5 

1 on  3.0 

Avg 

Concrete  terrapod 

0.41 

Randoa 

2 

2.  SO 

0.4S 

o.ta 

.... * 

Uhl  fora 

2 

2.30 

0.51 

— 

0.51 

— 

leadlte  tet repod 

2 

O.SO 

Unifora 

2 

2.2S 

0.50 

* 

0.49 

Concrete  quadrlpod 

0.49 

0.49 

2 

2.90 

0.S1 

.... 

0.47 

.... 

Unifora 

2 

2.90 

0.49 

— 

0.4O 

0.51 

0 49 

leadlte  tribar 

0.43 

Randoa 

2 

2.86 

0.44 

— 

0.45 

Ibilfora 

1 

2.86 

O.&O 

.... 

0.50* 

— 

.... 

Modified  leadlte  cube 

2 

2.99 

0.44 

0.45 

.... 

0.48 

0.46 

Uhlfora 

1 

2.99 

0.62 

0.73* 

.... 

O.SS 

0.63 

Leadlte  hexapod 

Randoa 

2 

1.72 

0.41 

0.44 

.... 

0.48 

0.44 

Uhlfora 

1 

1.72 

0.52 

— 

0.51 

— 

.... 

Solid  concrete  tetrahedron 
Unifora 

2 

2.31 

.... 

0.S8 



0.S7 

0 .54 

0.56 

Perforated  concrete  tetrahedron 

0.52 

Unifora 

2 

2.24 

0.50 

— 

0.M 

.... 

Solid  leadlte  tetrahedron 

0.54 

unifora 

2 

2.29 

0.54 

.... 

0.54 

.... 

.... 

Perforated  leadlte  tetrahedron 

0.51 

UMlfora 

2 

2.22 

o.so 

— 

0 51 

.... 

.... 

ld#  • 0.61  aatar  (2  feat). 
*Ho  data  available. 
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(a) Perforated  tetrahedron 


(c)  Tetrapod 


(b)  Solid  tetrahedron 


ELEVATION 

(d)  Quadripod 


ELEVATION 

(e)  Modified  cube 


ELEVATION 

(g ) Tribar 


Figure  43.  Concrete  armor  units  tested  by 
Jackson  (1968a). 
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Dai  and  Kamel  (1969)  tested  a permeable  structure  using  quadripods 
in  conjunction  with  scale-effect  testing.  Tests  were  limited  to  a 1 on 
1.5  slope.  Data  from  other  investigators  inu.  _ate  that  consistent  runup 
values  are  difficult  to  obtain  on  a 1 on  1.5  slope,  particularly  on 
rubble  slopes.  Dai  and  Kamel's  tests  also  seem  to  have  considerable 
variance.  Their  structure  configuration  used  for  testing  the  quadripods 
was  basically  the  same  as  used  by  Jackson  (1968a),  and  some  of  the 
values  were  identical.  The  relative  core  height  was  approximately 
h<?/de  * 

After  reanalysis  of  Dai  and  Kamel's  data,  comparisons  with  the 
smooth-slope  curves  were  made.  Averages  for  each  de/H^  value  and 
scale  combination  were  determined.  These  values  indicate  no  signifi- 
cant differences  between  the  quadripods  with  "smooth"  and  "rough"  sur- 
faces (terms  used  by  Dai  and  Kamel);  also,  no  significant  difference  is 
seen  between  scales.  Individual  values  of  r range  from  r « 0.38  to 
r = 0.70,  but  the  extremes  appear  to  reflect  questionable  runup  values 
as  compared  with  other  data.  The  overall  average  for  the  r values  is 
r a*  0.57.  Table  12  presents  values  of  r for  quadripods  on  1 on  1.5 
slope  and  for  specific  dg/H^  values,  but  each  r value  is  an  average 
of  values  obtained  for  one  to  five  wave  steepnesses  each. 


Table  12.  Values  of  r for  quadripods  on  1 on  l.S  sjope  (after  Dai  and  Kamel,  1969). 


Hi 

r («vg) 

dg  * 0.305  m (1  ft) 

dg  • 0.61  a (2  ft) 

dg  - 4.S7  a (IS  ft) 

Smooth  quadripod 

Quadripod 

Rough  quadripod 

4-0 

4.5 

1 

0.57,  rough  (2  points) 
0.55,  smooth  (3  points) 

0.63  (2  points) 

S.0 

3.6 

0.49  (1  point) 

0.55,  rough  (3  points) 
0.57,  smooth  (3  points) 

0.57  (4  points) 

8.0 

2.3 

0.59  (5  points) 

0.61,  rough  (3  points) 
0.60,  smooth  (5  points) 

0.46  (2  points) 

'No  data. 


Vanoni  and  Raichlen  (1966)  tested  a relatively  high  core  structure 
with  relative  core  heights  of  h^/dg  1.32  and  h^/dg  a»  1.79.  In  the 

latter  case,  runup  did  not  exceed  the  core  height  (discussed  in  Sec. 
V,2,b) . The  structure  slope  was  first  built  with  one  layer  of  tribars 
from  below  SWL  to  a point  slightly  below  the  core  elevation,  and  then 
the  upper  part  of  the  structure  was  built  of  quarrystone.  TTie  tribar 
section  extended  above  SWL  to  a height  approximately  equal  to  the  maxi- 
mum wave  amplitude  at  the  structure  toe.  The  tribars  and  quarrystone 
were  underlain  by  two  filter  layers.  Nonbreaking  waves  were  used; 
runup  was  caused  by  surging  waves. 

TTie  slope  tested  by  Vanoni  and  Raichlen  was  a 1 on  3 uniform  slope; 
test  results  for  certain  conditions  are  given  as  values  of  r in  Table 
13.  Runup  for  dg/H^  > 5.0  was  limited  to  the  tribar  zone,  and  extended 
up  into  the  quarrystone  section  for  2 < dg/H^  < 5.  No  noticeable  dif- 
ference in  r values  is  seen  which  would  be  attributable  to  the  water 
passing  over  different  armor  unit  types;  e.g.,  comparison  of  r values 
for  dg/H^  = 3.0  and  dg/H^  = 5.0. 
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le  on  a 


1966) . 


■*•15? 

% 

kr 

(tribar) 

kr 

(quarrystone) 1 

H' 

no 

gT‘ 

r 

dg  = 0.257  m (0.844  ft) 

3.0 

2.11 

2.53 

0.00155 

Mgm 

0.0020 

0.00285 

■S9 

5.0 

1.27 

0.00092 

0.48 

0.0012 

0.46 

0.0017 

0.40 

8.0 

0.79 

0.00056 

mgm 

0.00076 

m 

0.00104 

de  = 0.29  m (0.95  ft) 

3.0 

2.38 

2.84 

0.0015 

0.46 

5.0 

1.43 

0.0012 

0,47 

8.0 

0.89 

0.00077 

0.38 

Overall  avg  0-45 


Quarrystone  was  at  a higher  elevation  than  the  tribars; 
runup  did  not  reach  the  quarrystone  section  for  d3  /\\'0  > 5.0. 
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Vanoni  and  Raich len  tested  various  model-to-prototype  scales.  Scales 
were  1:40  and  1:45  in  the  cases  discussed  above;  however,  the  scales  are 
not  appreciably  different  and  observed  runup  values  were  comparable  be- 
tween scales.  The  principal  reason  for  using  different  scales  was  the 
ability  to  model  prototype  armor  units  of  varying  weight  (and  stability) 
with  the  same  model  armor  unit. 

Results  from  \:uioni  and  Raichlen  ( 19b6) , Jackson  (1968a),  and  Dai 
and  Kamel  (1969)  for  selected  armor  units  are  summarized  in  Table  14. 

The  Vanoni  and  Raichlen  tests  were  for  rather  small  scales;  Jackson,  and 
also  Dai  and  Kairel,  had  intermediate  scales,  and  Dai  and  Kamel  included 
tests  at  a largi  scale.  Quarrystone  values  are  included  in  the  table 
with  Jackson's  test  results  for  size  comparison  with  the  quarrystone 
used  by  Vanoni  and  Raichlen. 

Dai  and  Kamel's  tests  for  quadripods,  including  tests  at  the  same 
scale,  give  r values  slightly  higher  than  Jackson's.  The  difference 
may  be  parti'  attributable  to  different  experimental  setups  and  partly 
to  different  relative  sizes  of  the  quadripods. 

The  tribar  tests  of  Vanoni  and  Raichlen  give  r values  comparable 
to  those  of  Jackson.  Lower  r values  would  be  expected  for  the  former 
because  of  lower  H^/k^  values  (or  larger  armor  unit  size  relative  to 
the  wave)  but  the  effect  (if  present)  is  apparently  offset  by  the  higher 
core  of  Vanoni  and  Raichlen's  structure- -which  would  increase  runup 
somewhat  by  reducing  wave  transmission--and  because  Vanoni  and  Raichlen 
tested  one  layer  of  tribars  compared  with  the  two  layers  tested  by 
Jackson. 


(2)  Impermeable  Structures.  Testing  of  concrete  armor  units  on 
impermeable  slopes  has  been  rather  limited;  most  testing  has  involved 
permeable  rubble-mound  structures  designed  for  high-energy  environments. 
Only  two  sets  of  tests  for  concrete  armor  units  on  impermeable  slopes 
arc  discussed  here,  one  for  runup  on  tribars  and  the  other  for  runup  on 
Gobi  blocks. 

Vanoni  and  Raichlen  (1966)  tested  a structure  with  a 1 on  3 slope 
ronted  by  a horizontal  bottom  and  armored  with  a combination  of  tribars 
uid  quarrystones.  Tribars  extended  from  below  SWL  to  a distance  above 
SWL,  but  the  distance  varied  depending  on  the  water  depth.  Quarrystones 
extended  the  rest  of  the  way  to  the  structure  crest. 

One  set  of  the  experiments  was  for  a relatively  low  water  level,  for 
which  all  runup  was  both  below  the  quarrystone  level  and  below  the  crest 
of  the  core.  These  conditions  essentially  constitute  an  impermeable 
structure.  The  correction  factors  (r)  given  in  Table  15  can  be  com- 
pared with  values  in  Table  13.  Values  of  H^/kj,  in  Table  15  are 
markedly  lower  than  those  in  Table  13,  and  the  greater  roughness  is 
certainly  a major  reason  for  the  lower  correction  factors  in  Table  15. 
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Tne  layer  of  tribars. 


r 


Table  15.  Values  of  r for  one  layer  of  tribars  on  1 on  3 


slope  with  tribars  underlain  by  two  filter  layers 
(after  Vanoni  and  Raichlen,  1966). 


Hi/kr 

Hq/ gT2 

r 

de  = 0.19  m (0.622  ft) 

3.0 

1.56 

0.00113 

0.40 

0.00148 

0.38 

0.00201 

0.39 

5.0 

0.94 

0.00068 

0.39 

. 

____ 

0.00089 

0.38 

Another  set  of  runup  tests  was  conducted  by  McCartney  and  Ahrens 
(1975),  using  Gobi  blocks  (Fig.  44)  which  are  used  for  revetment  in 
low-energy  wave  climates.  The  full-size  block  weighs  approximately 
6.35  kilograms  (14  pounds)  and  is  placed  in  a matlike  arrangement  on 
the  slope.  Tests  were  conducted  with  a 4.57-meter  water  depth,  and 
were  limited  to  a relative  depth  of  dg/H^  = 8.0  and  slope  of  1 on  3.5 
Rou#i-slope  to  smooth-slope  ratios  were  r as  0.93,  a high  value  for  a 
roughened  slope,  but  it  indicates  the  relatively  smooth  surface  pre- 
sented by  Gobi  blocks. 

Conditions  Tested : d*  (l5  ft) 

d$/H6^  8*0 

Ho/kr«5.7 
I on  3.5  slope 
Horizontal  bottom 


2|- 

ro 

E 

o 

o 

■in  J— 

I 

i 

li 

i 

l 

1 t 

kr 

Elevation  of  Gobi  Blocks 


Figure  44.  Gobi  blocks  (McCartney  and  Ahrens,  1975). 
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c.  Example  Problems. 

*************  EXAMPLE  PROBLEM  8************** 

GIVEN : .Quarrystone  rubble-mound  breakwater;  cot  9=2;  cot  6 = 80; 
ds  = 6.0  meters  (19.7  feet);  H^,  = 2.0  meters  (6.6  feet); 

T = 4.0  seconds;  kr  = 0.6  meter  (2.0  feet);  h^  = 4.S  meters 
(14.8  feet). 

FIND:  Determine  runup. 


SOLUTION: 


dc;  Hi 

nr  = 3.0;  ^ « 3.33;  /=  0.75; 

tig 

Hi  a 


gT2 


(9 . 81)  (4) ' 


= 0.0127  . 


Assume  8*0,  since  the  bottom  slope  is  gentle  and  dg/H^  is  not 
small.  The  structure  is  a rubble-mound  breakwater  with  a low  core 
(see  Figs.  25,  26,  and  27).  H^/kr  in  this  problem  is  less  than 
that  given  for  dg/H^  = 3.0  in  Figure  25,  so  the  results  of  Figure 
25  should  be  conservative. 


§7- as  0.66  (from  Fig.  25). 


R = (0.66) (H^) 


= (0.66) (2) 

R = 1.32  meters  (4.3  feet). 

Evaluation  of  possible  scale  effects  is  discussed  in  Section  VI. 

************************************ 

*************  EXAMPLE  PROBLEM  9************** 

GIVEN:  Quarrystone  riprap  structure;  cot  9=3;  8=0;  dg  =6.0  meters; 

H'0  = 1.2  meters  (5.9  feet);  T = 4.0  seconds;  kr*  0.4  meter  (1.3  feet). 


FIND : Determine  runup. 
SOLUTION: 


Hi 


Hi 

5.0;  r~  - 3.0 
Kr 


1.2 

(9 • 81) (4) 2 


0.007b 
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Then  from  Figure  40,  for  a riprap  structure. 


R = (0.92) (H^) 

= (0.92) (1.2) 

R =1.1  meters  (3.6  feet) 


Figure  40  is  derived  from  large-scale  experiments,  and  no  correction 
for  scale  effects  is  necessary  (discussed  further  in  Sec.  VI) . 


*************  EXAMFLE  PROBLEM  10  ************* 


GIVEN:  Rubble-mound  structure  using  two  randomly  placed  layers  of  tri- 
bars for  protection;  cot  6 = 1.5;  6 = 0;  dg  = 10.0  meters;  HJ,  = 3.4 
meters  (11.2  feet);  T = 6.2  seconds;  hi?  % 10.0  meters;  kr  0.7 
meter  (2.3  feet),  where  kr  is  the  length  (height)  of  a tribar  leg. 

FIND : Determine  runup. 

SOLUTION: 

ds  H’  ha 

if  = 2-94  k7=4'86;  d^1'0 


gT2  (9.81) (6. 2)2 

This  structure  is  similar  in  design  (high  core)  to  the  rubble-mound 
breakwater  tested  by  Jackson  (19b8a)  for  which  r values  are  given 
in  Table  11.  However,  r values  are  not  listed  for  tribars  for 
the  condition  of  H^,/kr  = 4.9.  An  estimate  of  r is  necessary. 
Relative  roughness  in  Table  11  is  specified  for  a particular  rela- 
tive depth,  dg/Hg  = 5.0.  For  dg/H^  = 5.0,  the  relative  roughness 
in  this  problem  would  be 


H'  d 

tm  2>8b’  for  nr 


5.0 
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Therefore,  the  tribar  relative  roughness  of  this  problem  is  the 
same  as  tested  by  Jackson,  for  which  results  are  given  in  Table  11. 
For  cot  0 * 1.5,  dg/H£  = 5.0,  and  H^/kj,  = 2.86,  r^^ar  *0.44. 
However,  this  problem  requires  an  answer  for  dg/H^  = 3.0;  lacking 
further  information,  r *0.44  will  be  used  in  this  problem.  Hie 
results  of  various  investigations  referenced  in  this  study  indicate 
that  r is  not  necessarily  constant  for  changing  H^/kr  values  or 
changing  d^/H^  values;  thus,  assuming  here  that  r is  a constant 
0.44  is  simply  a best  estimate.  The  chosen  r value  is  applied  to 
the  applicable  smooth-slope  relative  runup  value.  For  the  wave 
conditions  and  structure  slope  corresponding  to  this  problem, 
smooth-slope  relative  runup  is,  from  Figure  14, 


R_ 

smooth 


1.82  . 


The  estimated  relative  runup  on  this  tribar- covered  rubble  mound  is 
then 


smooth 


= (0.44) (1.82) 


0.80  . 


The  runup  on  this  rubble  mound  is 


R = ( H*  ) 
\ 


(H>) 


' rough 
= (0.80) (3.4) 

R * 2.7  meters  (8.9  feet)  . 

Evaluation  of  possible  scale  effects  is  discussed  in  Section  VI. 
************************************ 


3.  Stepped  Slopes. 

Stepped-slope  configurations  have  been  tested  for  use  in  low-energy 
wave  climates.  Field  construction  techniques  vary,  but  include  case-in- 
place steps,  such  as  in  Harrison  County,  Mississippi,  and  soil-cement 
stepped  surfaces  (Nussbaum  and  Colley,  1971).  Laboratory  tests  have 
been  performed  on  precast,  interlocking  stepped  blocks  (Jachowski,  1964), 
on  impermeable  steps  (Saville,  1955)  and  on  soil-cement  stepped  slopes 
(Nussbaum  and  Colley,  1971).  Saville' s tests  were  conducted  with  the 


h 


| 
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structure  fronted  by  a 1 on  10  bottom  slope;  the  structures  in  other 
tests  oxtendod  to  the  flat  bottom  of  the  wave  tanks. 

Saville's  results  for  the  1 on  1.5  stepped  slope  are  plotted  in 
Figures  45  and  46.  Figure  45  has  the  data  points  for  a depth  greater 
than  zero  at  the  structure  toe.  Figure  46  has  data  for  a zero  toe 
dopth  at  the  structure;  however,  slightly  different  dimensionless 
variables  are  used.  Both  on  the  stepped  slope  and  on  smooth  slopes 
the  relative  depth,  defined  at  some  point  seaward  of  the  structure,  is 
important  even  with  a zero  toe  dopth.  Curves  of  constant  dg /H^  have 
boen  drawn  in  Figure  45.  The  ratios  of  stepped-slope  runup  to  smooth- 
slope  runup  are  given  in  Table  16  for  water  depths  greater  than  zero  at 
the  structure  toe,  and  in  Table  17  for  the  zero  water  depth.  The  r 
value  for  d g/H^  - 0.38  in  Table  16  is  based  on  one  point  only  and  a 
higher  average  value  would  be  expected. 


Table  16.  Ratios  of  stepped-slope  runup  to  smooth-slope 

runup;  1 on  1.5  structure  slope;  1 on  10  bottom 
slope;  d8  > 0 (after  Saville,  1955). 


H^/kj, 

r (avg) 

0.38 

12.0 

0.562 

0.75 

6.0  and  12.0 

0.74 

1.5 

3.0  and  6.0 

0.80 

3.0 

3.0 

0.76 

lkr  is  the  step  height. 
?Based  on  only  one  point. 


Table  17.  Ratios  of  stepped-slope  runup  to  smooth-slope 

runup;  1 on  1.5  structure  slope;  1 on  10  bottom 
slope;  dfl  ■ 0 (after  Saville,  1955). 


d/H*  1 

'I 2 

r (avg) 

4.1 

6.0 

0.70 

8.3 

3.0 

0.74 

lllse  d/H^,  not  dg/H^,. 
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tepped-slope  runup;  d-  i 0;  1 on  1.5  structure  slope;  1 on  10  bottom  slope 
Savi lie,  1955). 
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Values  of  r used  in  Table  16  are  averages  for  several  wave  steep- 
nesses. In  tests  of  structures  sited  on  flat  bottoms,  the  r value 
does  not  seem  significantly  influenced  by  varying  wave  steepness  values. 
Saville's  (19S5)  data  (Table  lb)  show  high  r values  for  steep  waves 
(H^/gT2  *=0.006  and  greater);  individual  r values  were  as  high  as  0.93. 
These  high  r values  may  be  a result  of  the  measurement  of  maximum  values 
of  runup  or  an  expression  of  the  lesser  inportance  of  roughness  when  waves 
break  seaward  of  the  structure  toe. 

Jachowski  (1964)  and  Nussbaum  and  Colley  (1971)  tested  stepped  slopes 
sited  on  flat  bottoms.  Both  tested  1 on  2 and  1 on  3 structure  slopes 
using  vertical-faced  steps  with  sharp  edges.  Jachowski  also  tested  inter- 
locking blocks  with  inclined  risers  (upper  edge  seaward  of  lower  edge). 
Nussbaum  and  Colley  also  tested  steps  with  rounded  edges  which  would 
represent  eroded  or  worn  conditions  for  the  soil-cement  steps.  Selected 
data  of  Jachowski  and  of  Nussbaum  (personal  communication,  1975)  were 
reviewed  and  compared  to  smooth-slope  runup  values. 

Table  18  indicates  r values  of  approximately  0.70  for  vertical- 
faced steps,  although  the  1 on  2 slope  appears  to  have  slightly  higher 
values.  The  rounded-step  slopes  have  significantly  higher  r values, 
as  would  be  expected,  and  have  values  of  r <*0.85. 

4.  Estimation  of  Rough-Slope  Runup. 

Most  runiq?  tests  have  been  conducted  for  restricted  conditions.  Some 
structure  configurations  or  wave  conditions  have  not  been  tested  or  have 
been  tested  only  rarely.  Few  runup  data  are  available,  for  example, 
for  a rubble  structure  fronted  by  a sloping  beach  and  for  which  waves  are 
breaking  at  the  structure  toe.  Actual  runup  tests  for  design  conditions 
are  the  most  desirable  means  of  estimating  runup  under  prototype  condi- 
tions. In  lieu  of  test  results,  some  method  of  estimation  is  necessary. 

TTiis  study  has  presented  rough-slope  runup  data  in  terms  of  the  fac- 
tor r,  which  is  the  ratio  of  rough-slope  runup  to  smooth-slope  runup 
for  the  same  conditions.  Such  a factor  was  suggested  by  Hunt  (1959), 
the  U.S.  Army,  Corps  of  Engineers,  Coastal  Engineering  Research  Center 
(1966),  and  the  Technical  Advisory  Committee  on  Protection  Against 
Inundation  (1974).  This  factor,  as  envisioned,  would  vary  simply  as  a 
function  of  the  structure's  armor  layer  construction.  It  would  be 
applied  to  known  smooth-slope  runup  vain*"  • > stimate  rough-slope 
rui.-p  for  conditions  not  tested.  Actuailv  , “ factor  r appears  to 

be  as  highly  dependent  on  the  several  w-  el  s » are  conditions  as 
relative  runup,  R/ll^,.  For  exampi  -•  „ f > n.»'  n Jual  r values 

for  quarrystone  riprap  slopes  was,  for  A < dg/li';  < 10  and  1.5  < H^/kr  < 5 
and  the  slopes  noted:  1 on  1.5,  0.53  < r «■  O.o8;  1 on  2.5,  0.51  < r < 0.69; 
1 on  3.5,  0.43  < r < 0.67;  1 on  5,  0.44  < r < 0.79.  Thus,  any  one  value 
of  r does  not  seem  applicable  for  all  wave  conditions  for  a given  armor 
unit;  however,  values  of  r are  still  useful  as  estimators  of  runup  on 
rough  slopes  when  smooth-slope  data  are  available  and  rough-slope  data 
are  lacking. 
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This  study  has  discussed  r values,  considering  some  of  the  vari- 
ables, principally  structure  slope  and  cross  section,  relative  armor 
size,  and  relative  depth.  Variations  in  r with  wave  steepness  were 
present  but  no  consistent  trends  were  observed,  and  r values  were 
usually  averaged  for  the  few  wave  steepness  values  for  each  relative 
depth  and  relative  armor  size  at  which  runup  was  obtained. 

In  application,  a value  (or  range  of  values)  of  r is  determined 
for  the  desired  structure  slope,  cross  section  (high  or  low  core,  if 
applicable),  type  of  armor  unit,  and  relative  armor  size.  This  r value 
is  then  multiplied  by  the  smooth-slope  runup  value  to  give  an  estimated 
rough-slope  runup.  The  smooth-slope  value  is  determined  from  the  smooth- 
slope  design  runup  curves  given  in  Section  V,1  which  are  similar  to  but 
expanded  from  those  in  the  SPM.  The  smooth-slope  runup  should  be  deter- 
mined without  any  scale-effect  correction  (discussed  in  Sec.  VI).  After 
determination  of  the  rough-slope  runup,  it  is  suggested  that  the  scale- 
effect  correction  be  applied  which  is  applicable  to  the  data  from  which 
the  r value  is  derived,  although  variability  in  r values  is  greater 
than  the  applicable  rough-slope  scale-effect  corrections. 

*************  EXAMPLE  PROBLEM  11  ************* 


GIVEN : Quarrystone  rubble-mound  structure;  cot  9 = 1.5;  cot  9 = 40; 
Hi  = 2.2  meters  (7.2  feet);  T = 8.9  seconds;  h^  = 3.4  meters; 
kr  0.815  meter  (2.7  feet);  dg  = 3.14  meters  (10.3  feet). 


FIND : Determine  runup. 
SOLUTION: 


Ho 

= 1.43;  r£ 
Kr 


1.1  ; 


2.2 

(9.81) (8. 9) 2 


0.00283  . 


This  structure  is  similar  in  design  to  the  rubble-mound  breakwater 
tested  by  Jackson  (1968a).  However,  dg/Hi  is  lower  than  tested, 
and  waves  breaking  at  the  structure  toe  may  be  expected.  Accordingly, 
an  r value  needs  to  be  determined  along  with  smooth-slope  runup  for 
milar  •’otry.  From  Table  8,  for  H^/kr  =2.7  and  cot  9 = 1.5, 

r « 0.52  . 

uh-slope  runup  is  determined  from  the  curves  in  Section  V,l. 

Phis  problem  has  cot  8 = 40,  but  the  only  beach  slope  available 
in  Section  V,1  is  cot  6 = 10.  Nevertheless,  from  Figure  22,  for 
dg/H^  % 1.5,  cot  9 = 1.5,  and  HygT2  = 0.0028, 

R 

u i **  3 . 6 . 

o smooth 
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The  estimated  rough-slope  relative  runup  is  then 


k) 


a r 


rough  \ / smooth 

* (0.52) (3.6) 


(r\ 

\Hc’J 


rough 


1.87. 


Hie  estimated  runup  is 
R 


(HJ,) 


= (1.87) (2.2) 

Rrouoh  = 4 -1  meters  (13.5  feet). 

^valuation  of  possible  scale  effects  is  discussed  in  Section  VI, 4. 

************************************ 


VI.  SCALP.  PFFPLTS 


General . 


The  study  of  scale  effects  in  runup  has  been  limited.  The  Sl’M  con- 
tains runup  corrections  for  smooth  slopes  based  on  work  by  Saville  (1958), 
Dai  and  Kamel  (I960)  studied  scale  effects  on  rubble-mound  structures 
sited  on  flat  beaches , both  for  stability  of  armor  units  and  for  runup. 
These  studies  incorporated  tests  from  near-prototype  conditions  where 
water  depths  at  the  structure  toe  were  on  the  order  of  3.0  to  4.6  meters 
(10.0  to  15.0  feet).  Other  runup  studies,  while  designed  for  a partic- 
ular model-to-prototype  scale,  have  implicit  scale-effect  data,  in  that 
water  depths  at  the  structure  toe  were  varied  but  wave  conditions  were 
identical  as  measured  by  dimensionless  variables.  However,  the  model 
scales  usually  vary  only  by  a factor  of  two  or  so,  and  the  effect  is  not 
differentiable  from  variance  in  runup  values  for  specified  conditions, 
fc'xanyles  are  given  in  Saville  (1955,  195b).  Hudson,  Jackson,  and 
Luckier  (1957)  used  model  scales  differing  by  a factor  of  approximately 
two  in  different  wave  tanks  for  a 1 on  6 smooth  slope.  Dai  and  Jackson 
(19t>b)  tested  a rubble-mound  structure  with  I on  2 slope  on  a beach  of 
1 on  30  slope  at  the  structure  and  1 on  370  farther  seaward;  model-to- 
prototype  scales  of  1:50  and  1:100  were  used.  Their  observations  had  a 
great  deal  of  scatter,  and  neither  model  scale  showed  consistently 
higher  nor  lower  relative  runup  values.  Hudson  and  Jackson  (19b2) 
studied  riprap  on  slopes  of  1 on  2 and  1 on  3 for  two  prototype  depths, 
two  model  scales,  and  differing  prototype  rock  sites.  Ahrens  (1975a) 
tested  riprap  slopes  at  near-prototype  scale. 
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2.  Reynolds  Number. 


Model-to-prototype  ratios  have  often  heen  designated  for  model  tests 
because  many  tests  are  for  specific  site  conditions.  However,  evalua- 
tion of  scale  effects  among  a collection  of  model  tests  is  difficult 
when  using  the  raodel-to-prototype  ratios  because  the  same  model  dimen- 
sions may  be  modeling  greatly  different  prototype  conditions.  An 
exan|)le  might  be  comparison  of  a l:20-scale  model  with  a l:50-scale 
model,  both  of  which  might  have  the  same  model  dimensions.  Direct  com- 
parisons between  various  model  scales  are  possible  by  using  dimension- 
less variables,  including  a Reynolds  number,  assuming  viscosity  is  the 
primary  cause  of  scale  effects. 

Reynolds  numbers  (R^)  used  in  various  studies  involving  oscilla- 
tory flow  are  not  defined  by  convention,  but  rather  in  ways  convenient 
to  the  particular  study;  thus,  no  one  definition  is  used  consistently. 
Dai  and  Kamel  (19t>9)  conducted  model  tests  at  three  different  scales. 

A Reynolds  number  was  defined  using,  for  velocity,  the  water  particle 
velocity  parallel  to  the  side  slope  at  a distance  below  SWl.  related  to 
the  armor  unit  size.  The  length  unit  is  the  characteristic  armor  unit 
diameter.  The  velocity  is  determined  from  empirical  graphs,  and  is  a 
function  of  period,  depth,  and  armor  unit  diameter.  However,  a separate 
graph  is  apparently  required  for  each  wavelength  and  only  one  is  given. 
This  R^  is  difficult  to  use  as  defined. 

Hudson  and  Davidson  (1975)  present  data  from  Dai  and  Kamel  (1969) 
using  a different  Reynolds  number  for  rubble-mound  stability  tests 
defined  as 

(*»W  ^ (kr) 

= , (10) 

where 

g = gravitational  value 

Hj^  =*  zero- damage  wave  height 

kr  = characteristic  diameter 

v - kinematic  viscosity  of  water 

This  latter  definition  is  more  "workable,"  but  depends  on  the  empirical 
value  of 

The  illicit  understanding  when  plotting  data  against  Rt.  must  be 
that  the  other  required  dimensionless  terms  have  the  same  value  in  the 
different  scale  models.  Hudson  and  Davidson  plot  the  stability  number 
versus  R^,  and  the  assunqption  in  this  case,  then,  would  be  that  the 

wave  conditions  are  sufficiently  specified  by  using  the  zero-damage  wave 
height  and  armor  unit  dimension.  For  the  plot  given  by  Hudson  and 
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Davidson,  a critical  Re  is  found  at  Rg  * 3 x 10 3 . Scale  effects  cease 
to  be  important  for  Re  values  larger  than  this  critical  value. 

In  evaluating  scale  effects  in  runup,  a Reynolds  number  may  again  be 
defined  and  used  for  plotting  R/H£  versus  Re,  but  only  if  the  remain- 
ing dimensionless  variables  are  equal  between  models.  This  would  allow 
comparison  for  one  set  of  conditions  (i.e.,  waves  with  H D=0^  , as  was 
done  by  Hudson  and  Davidson,  or  for  a whole  range  of  conditions,  lead- 
ing possibly  to  differing  scale  effects  for  different  wave  conditions; 
e.g.,  different  wave  steepnesses,  relative  depths,  etc. 

The  Reynolds  number  used  in  this  study  is  a "depth"  Reynolds  number 
(defined  in  Sec.  II): 

(»«)d  ■ . (ID 

The  depth,  d,  is  aibitrary  but  must  be  considered  in  the  dimensional 
analysis.  Here,  dg,  the  depth  at  the  toe  of  the  structure  slope,  is 
the  depth  variable.  The  Reynolds  number  then  is 

(gd  d 

= (Re)ds  = -£-  S . U2) 

This  definition  is  particularly  useful  because  the  terms  are  easily 
defined.  The  term  (gdg)^2  may  recognized  as  the  shallow-water  wave 
celerity;  however,  it  is  not  synonymous  with  the  actual  wave  speed  tested 
because  nearly  all  runup  tests  were  conducted  in  transitional  or  deep 
water. 

As  examples,  the  three  scales  of  Dai  and  Kamel  (1969)  have  Re 
values  for  the  specific  depths  as  given  in  Table  19.  The  value  of  v 
is  that  for  freshwater  at  16°  Celsius:  v 1.21  * 10-5  feet  squared  per 
second  * 1.124  x 10"6  meters  squared  per  second.  A family  of  curves  might 
be  drawn  as  shown  schematically  in  Figure  47.  If  the  scale  effects  are 
the  same,  over  a range  of  Rg  values  for  each  set  of  specified  wave 
conditions,  then  the  curves  should  all  have  the  same  shape.  However, 
runup  data  obtained  at  different  scales  but  with  comparable  test  condi- 
tions are  insufficient  to  adequately  define  scale  effects.  Therefore, 
it  has  not  been  clearly  established  that  scale  effects  follow  the  trends 
as  suggested  in  Figure  47;  i.e.,  scale  effects  are  the  same  for  varying 
wave  conditions. 


Table  19.  Reynolds  numbers  for  three  different  depths. 


dg,  m 
(ft) 

4.57 

(15) 

0.61 

(2) 

0.30 

(1) 

Re 

2.72  x 107 

1.33  x 106 

4.69  x 105 

105 


R 


Lines  of  constant  wave 
- conditions 


-Critical  R- 


Figure  47.  hypothetical  sketch  of  relative  runup 
variations  (scale  effects)  on  a given 
structure  for  sets  of  specified  wave 
conditions  and  varying  Reynolds  number 


3.  Smooth-Slope  Scale  F.ffects. 


Limited  large-scale  data  for  smooth  slopes  on  a 1 on  10  bottom  slope 
are  available  (Saville,  1958;  19b0) . From  this  data  and  other  appropri- 
ate small-scale  data.  Figure  48  was  prepared  in  the  manner  previously 
discussed.  The  figure  gives  results  only  for  dg/H^  = 1.5,  because  the 
large-scale  data  were  limited  to  a narrow  range  of  dg/H^  values  close 
to  dg/HJ>  = 1.5.  Small-scale  data  used  are  from  Saville  (1955,  1950, 
1958,  19o0)  , and  Hudson,  Jackson,  and  Cuckler  (1957).  The  small-scale 
tests  by  Saville  (1958)  were  one-tenth  the  scale  of  his  large-scale 
tests,  and  the  geometrical  arrangement  was  the  same  in  hoth  cases. 

Savi lie's  data  are  given  in  Table  JO.  The  smooth  slope  was  not  modeled 
exactly  between  scales,  because  plywood  was  used  for  both  the  small- 
and  large-scale  tests  and  the  small  scale  may  have  been  proportionately 
rougher.  An  attempt  to  closely  model  the  slope  roughness  is  discussed 
later  in  this  section. 


In  the  small-scale  tests,  the  variability  of  results  for  the  1 on  3 
slope  is  pronounced  (Fig.  48).  The  range  of  runup  values  derived  from 
Hudson,  Jackson,  and  Cuckler  (1957)  for  R,;  = 9 x 101*  encompasses  those 
runup  values  of  the  largest  scale  (R^,  = 3.75  * 106).  Also,  for  the 
1 on  3 slope,  the  data  of  Saville  (1955)  vary  considerably  between  the 
two  Reynolds  numbers,  R,-  = 0.3  * 101*  and  1.8  < 10^.  In  contrast  to  the 
1 on  3 slope,  the  1 on  o slope  values  show  less  variability. 

Comparisons  in  Figure  4S  were  not  extended  to  lower  wave  steepnesses 
because  the  large-scale  test  conditions  were  such  that  at  low  wave  steep- 
nesses, the  waves  were  long  relative  to  the  bottom  slope  (£/I.  values  of 
0.J1  and  0.30  were  tested).  However,  even  for  the  wave  conditions  given 
in  the  figure,  1/ L values  varied  between  certain  experiments.  Thus, 
test  conditions  are  similar  but  not  necessarily  the  same. 
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Figure  48.  Scale  effects  on  smooth-slope  runup  as  function  of  Reynolds  number; 

d8 /Uq  = 1.5;  1 on  3 and  1 on  6 structure  slopes;  1 on  10  bottom  slope. 


Table  20.  Coaler  l sans  of  snooth-slope  runup  between  snail  and  largo  acalos  for  1 on  3 and  1 on  6 
atructuro  alopoa  with  1 on  10  beach  alopo  (aftor  Seville,  1058,  1960). 


•VgT2 

HA/gT2 

Sail  rail1 
d,  • 0.12  a (0.4  ft) 

r/h; 

Larg.  .c.l.2 

d,  - 1.2  a (4.0  ft) 
"/Hi 

(A/Hp)  Icirg* 

Group  avg 

1 on  3 atructure  slope 

0.000485 

0.00011 

4.7 

S.2 

Tn 

0.000485 

0.00023 

6.2 

6.5 

MEM 

0.00097 

0.00026 

J.7S 

3.88 

■19 

0.00201 

0.00041 

2.0 

1.97 

0.98 

1.04 

0.00097 

0.00071 

4.37 

4.47 

1.02 

0.00097 

0.00102 

3.07 

4.045 

i.a 

0.00201 

0.00131 

2.67 

2.69 

1.01 

0.00201 

0.0027 

2.33 

2.67 

1.15 

0.00647 

0.00278 

2.S8 

3.27 

1.27 

1.15 

0.0088 

0.0048 

1.98 

2.55 

1.29 

0.00647 

0.0049 

2.21 

2.82 

1.28 

0.00647 

0.0080 

1.32 

1.64 

1.24 

0.0128 

0.0083 

1.78 

1.88 

1.06 

0.0088 

0.0084 

..44 

1.97 

1.37 

1.2S 

0.0088 

0.0101 

1.10 

1.30 

1.18 

0.0128 

0.0104 

i.s4 

1.89 

1.23 

0.0128 

0.012S 

1.09 

1.46 

1.34 

0.0182 

0.0135 

1.21 

1.52 

1.26 

1.2S 

Overall  avg 

1.17 

1 on  6 structure  slope 

0.00048S 

0.00011 

5.02 

5.57 

1.11 

0.00097 

0.00026 

3.75 

4.33 

1.16 

0.0020 

0.000395 

2.51 

2.78 

1.11 

1.12 

0.0020 

0.00131 

1.72 

1.87 

1.09 

0.00647 

0.00278 

1.28 

1.49 

1.16 

1.13 

0.0088 

0.0048 

1.0 

1.16 

1.16 

0.00647 

0.0049 

0.89 

■ 

1.21 

0.00647 

0.0080 

0.63 

IS 

1.19 

0.0128 

0.0083 

0.68 

fKHTC1 

1.07 

0.0088 

0.0084 

0.64 

0.77 

1.20 

1.17 

0.0088 

0.0101 

0.53 

0.63 

■msm 

0.0128 

0.0104 

0.58 

0.63 

ES 

0.0128 

0.0125 

0.47 

0.56 

1.19 

0.0182 

0.0135 

0.49 

0.54 

1.10 

1.14 

Overall  avg 


1 .14 


In  three  of  the  small-scale  tests  (Fig.  48),  toe  depths  were  varied 
by  a factor  of  two.  Therefore,  scale  effects  within  the  runup  results 
of  each  study  are  potentially  present. 

Runup  values  of  Saville  (1955)  are  maximum  values,  although  most 
studies  tend  to  use  average  values.  In  cases  of  equal  wave  conditions 
(i.e.,  same  d^/HJ,  and  H^/gT2  values),  the  larger  toe  depths  in 
Saville's  tests  generally  gave  larger  relative  runup.  The  apparent 
scale  effects  are  large  in  some  cases,  with  the  larger  depths  giving 
relative  runup  values  as  much  as  45  percent  greater  than  the  smaller 
depth.  However,  the  limited  data  did  not  exhibit  consistent  trends 
when  analyzed.  Much  of  the  apparent  scale  effect  may  result  from 
(a)  use  of  maximum  runup  rather  than  the  average,  (b)  reporting  runup 
values  to  the  nearest  foot  in  prototype,  and  (c)  effects  of  differing 
relative  bottom  slope  lengths  (£/L)  for  the  different  toe  depths. 

Saville  (1956)  conducted  more  extensive  testing,  and  again  varied 
the  toe  depths.  Possible  scale  effects  are  noticed  in  some  cases  when 
the  data  are  plotted  for  equal  values  of  d^/H^,  and  H^/gT2.  However, 
the  percentage  difference  in  runup  for  the  two  toe  depths  is  much  less 
than  in  the  earlier  tests.  Hie  differences  between  results  obtained  in 
the  two  water  depths  did  not  seem  to  warrant  separation  of  the  data  by 
depth  (i.e.,  according  to  scale)  and  beach-slope  length,  and  thus  the 
smooth-slope  runup  curves  given  previously  are  derived  in  certain  cases 
for  data  of  different  water  depths  but  for  the  specific  dimensionless 
wave  conditions  noted.  For  this  reason  also,  the  data  points  for 
R*  » 3.9  s 104  and  Rtf  ■ 1.1  * 10s  in  Figure  48  are  the  same,  having 
been  determined  from  the  smooth-slope  curves  (Fig.  22). 

The  tests  of  Hudson,  Jackson,  and  Cuckler  (1957)  were  limited  in 
the  range  of  wave  steepnesses.  For  dn/H<*>  1.5,  essentially  only  two 

wave  steepnesses  were  tested,  H^/gT2  •*>  0.0067  and  0.010.  Variations  in 
beach-slope  length  were  also  tested  for  these  wave  conditions.  For  each 
geometrical  arrangement  and  for  constant  dp/H^,  only  two  runup  values 
are  available,  and  the  values  in  Figure  48  are  interpolated  from  the 
applicable  pairs  of  data;  i.e.,  the  values  in  Figure  48  for  the  1 on  3 
slope  are  based  or.  two  relative  beach-slope  lengths,  each  of  which  was 
subjected  to  two  different  incident  wave  steepnesses,  for  a total  of 
four  test  conditions.  The  1 on  6 slope  values  are  based  on  three  dif- 
ferent relative  beach-slope  lengths,  using  two  different  scales  (dif- 
ferent toe  depths)  for  a total  of  six  test  conditions. 

The  range  of  runup  values  for  each  H^/gT2  value  at  R^  = 9.0  x 104 
in  Figure  48  is  caused  by  the  differences  in  relative  beach-slope  length 
For  the  1 on  3 slope,  the  lower  runup  values  are  associated  with  the 
longer  slope  length,  l,  as  expected,  and  that  slope  length  is  the 
same  (in  relative  terms)  as  used  for  the  large  scale  (R^  = 3.75  x 10®). 
For  the  1 on  6 slope,  the  higher  runup  values  at  Rl,  = 9.0  x lo4  are 
associated  with  the  longer  slope  length,  l,  which  is  not  the  expected 
result;  however,  these  runup  values  are  essentially  the  same  as  obtained 


109 


at  Re  = 3.75  x 106  by  Saville  (1958).  Hudson,  Jackson,  and  Cuckler 
(1957)  tested  a 1 on  6 slope  at  a larger  scale  (Rg  = 2.12  x 105)  using 
a beach-slope  length.  Z,  relatively  longer  than  used  in  tests  at 
either  Re  = 9.0  x 10^  or  Re  = 3.75  x 106,  yet  the  relative  runup  is 
higher  at  Rg  = 2.12  x 105  than  for  either  smaller  or  larger  scales. 

Thus,  the  data  of  Hudson,  Jackson,  and  Cuckler  give  mixed  results  which 
are  certainly  a result  of  the  limited  data  available,  the  beach-slope 
effects,  and  the  different  experimental  equipment  and  techniques. 

To  better  model  slope  roughness,  Saville  (1958,  1960)  also  conducted 
large-scale  testing  in  addition  to  that  given  in  Table  20.  The  small- 
scale  (Re  = 1.19  x 105)  test  structures  had  plywood  surfaces  like  the 
large-scale  tests  (Re  = 3.75  x 106).  The  large-scale  plywood  slope  was 
coated  with  one  layer  of  0.4-millimeter  sand,  which  was  expected  to  more 
closely  model  the  roughness  of  the  small-scale  tests,  and  was  considered 
to  be  more  representative  of  prototype  situations.  Because  of  time 
limitations  only  three  wave  conditions  were  tested  on  the  1 on  3 slope: 
H^  * 1.65  meters  (5.4  feet)  and  T = 7.87  seconds;  Hi  «0.58  meter  (1.9 
feet)  and  T = 16.0  seconds;  Hi  1.16  meters  (3.8  feet)  and  T = 3.75 
seconds.  Results  are  given  in  Table  21. 

Table  21.  Large-scale  tests  of  runup  on  smooth  slope  roughened  with  one  layer 


of  0. 4-millimeter  sand;  1 on  3 structure  slope. 


V«T2 

Hi/gT* 

Small  scale,  smooth 
da  - 0.12  m (0.4  ft) 

Large  scale,  roughened 
dg  • 1.2  m (4.0  ft) 

R/H.J 

WWlorg. 

W»oW: 

0.00048S 

0.00023 

6.20 

6.067, 

0.98 

0.00201 

0.00270 

2.33 

2.49 

1.07 

0.0088 

0.0084S 

1.44 

1.70 

1.18 

Correction  curves  for  runup  scale  effects  applicable  to  a range  of 
structure  slopes  were  developed  by  Saville  (see  U.S.  Army,  Corps  of 
Engineers,  Coastal  Engineering  Research  Center,  1977).  A similar 
development  is  given  here  with  some  modifications,  but  runup  data  used 
are  restricted  to  that  of  Saville  (1958,  1960)  because  of  the  similar 
test  conditions. 

Basic  scale-effect  correction  factors  nay  be  obtained  from  Table 
20  for  smooth  slopes,  without  considering  the  roughness  test  results 
given  in  Table  21.  Thus,  for  H^/gT2  > 0.003,  the  average  ratios  of 
large-scale  runup  to  small-scale  runup,  k,  are  1.25  and  1.155  for 
the  1 on  3 and  1 on  6 slopes,  respectively  (i.e.,  increases  of  25  and 
15.5  percent).  These  two  values  are  reduced  by  applying  the  results 
from  the  1 on  3 roughened  slope  in  Table  21  as  follows.  After  the 
1 on  3 slope  was  roughened  with  a sand  layer,  large-scale  runup  for 
two  wave  conditions  (H^/gT2  > 0.0027)  was  larger  than  small-scale  runup 
by  the  factors  1.07  and  1.18  (7  and  18  percent).  When  compared  with 
the  runup  results  for  the  same  wave  conditions  in  Table  20,  the  per- 
centage increase  of  large-scale  runup  on  the  roughened  slope  is  shown 
to  be  approximately  one-half  (0.48  or  48  percent)  of  that  for  large- 
scale  runup  on  a smooth  slope  (i.e.,  7 versus  15  percent,  and  18  versus 
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37  percent).  The  48-percent  value  is  then  applied  to  the  average  values 
(25  and  15.5  percent)  given  above  for  the  1 on  3 and  1 on  6 smooth  slopes. 
The  resulting  percentage  increases  applied  to  small-scale  smooth-slope 
runup  values  to  estimate  runup  on  large-scale  smooth  slopes  (prototype 
roughness)  are  12  and  7.4  percent  for  the  1 on  3 and  1 on  6 slopes,  re- 
spectively (i.e.,  k = 1.12  and  k = 1.074).  The  value  of  1.074  for  the 
1 on  6 slope  was  determined  by  assuming  that  the  roughness  reduction  is 
the  same  for  the  1 on  3 slope. 

Saville  (1960)  notes  that  earlier  tests  showed  no  scale  effect  for 
a 1 on  15  sand  slope;  thus,  k = 1.0  for  the  1 on  15  slope.  The  three 

k values  derived  for  the  three  slopes  are  plotted  in  Figure  49  and 

connected  by  a curve.  Although  no  data  are  available  for  steeper  slopes, 
the  curve  is  extended  to  reach  a maximum  k value  of  1.14  at  cot  0 = 1.25. 

A maximum  value  of  k is  reasonable  and,  in  fact,  a decrease  is  likely 

for  very  steep  slopes  because,  for  a given  incident  wave,  the  length  of 
structure  slope  covered  by  the  uprushing  water  becomes  relatively  small; 
also,  the  wave  would  likely  be  a surging  wave  rather  than  a breaking 
wave. 

The  scale-effect  corrections  in  the  SPM  have  one  curve  labeled 
"H  = 1.5'  to  4.5',"  which  is  similar  to  the  curve  in  Figure  49.  The 
second  curve  is  not  based  on  data,  but  was  suggested  for  larger  wave 
heights.  After  a review  of  Figure  48,  it  is  recommended  that  the  curve 
in  Figure  49  be  applied  to  all  wave  heights  until  further  testing 
warrants  a change,  based  on  the  following  reasoning.  Wave  heights 
larger  than  those  tested  would  require  larger  Reynolds  numbers  if  the 
same  wave  conditions  were  tested  as  in  Figure  48.  However,  any  in- 
crease in  R/Hq  with  increasing  Reynolds  numbers  beyond  what  has  been 
tested  appears  unlikely.  Because  of  the  relatively  constant  values  of 
R/H^  for  the  1 on  6 slope  for  Re  > 2.1  x 105  and  because  the  large 
variation  in  1 on  3 slope  runup  values  at  low  Re  numbers  includes 
values  as  high  as  those  at  large  Rg  numbers,  a "critical"  Reynolds 
number  appears  to  be  in  the  range  2 * 105  < {Re) a < 4 x 105  for  low 
dg/H^  values  such  as  dg/H^  = 1.5.  The  critical  Reynolds  number  is  a 
value  beyond  which  relative  runup  would  not  increase  for  increasing 
Reynolds  numbers. 

The  values  for  the  lowest  wave  steepness  (H^/gT2  < 0.003)  in  Table 
21  suggest  that  no  scale-effect  correction  is  necessary  for  waves  of  low 
steepness  if  the  slope  roughness  is  properly  modeled.  For  low  wave 
steepnesses  in  Table  20  (1  on  3 slope),  not  all  of  the  k values  are 
small  and  some  scale  effect  may  remain  after  the  slope  roughness  is 
properly  modeled.  The  1 on  6 slope  (Table  20)  has  even  larger  k 
values  for  the  low  wave  steepnesses  tested,  and,  again,  proper  modeling 
of  slope  roughness  may  not  account  for  all  of  the  scale  effect.  There- 
fore, Figure  49,  derived  principally  for  waves  of  higher  steepnesses, 
is  also  recommended  for  use  in  the  low  wave  steepness  range  as  an  esti- 
mate. The  values  in  Figure  49  are  replotted  in  Figure  50,  and  the 
curve  is  extended  over  steeper  slopes  up  to  and  including  a vertical 
wall. 


Ill 


Structure  Slope  (Ton  9) 


Structure  Slope  (Cot  9) 


Runup  scale-effect  correction  factor,  k,  replotted  from  Figure  49  and  extrapolated 
for  all  smooth  slopes. 


Many  questions  concerning  runup  scale  effects  are  left  unanswered 
by  the  available  data.  Steep  structure  slopes  (including  vertical  walls) 
have  not  been  tested;  scale  effects  may  be  negligible  when  the  structure 
is  fronted  by  a horizontal  bottom  but  may  be  appreciable  when  fronted  by 
a sloping  bottom,  often  resulting  in  high  relative  runup.  Corrections 
indicated  by  the  roughened  slope  testing  (very  limited)  may  not  be 
applicable  over  a wide  range  of  wave  conditions.  The  correction  co- 
efficient has  a value  of  1.0  at  cot  0 = 15.  The  curve  would  have  a 
different  shape  if,  for  example,  the  correction  coefficient  for 
cot  9 = 10  were  also  1.0,  but  test  results  are  not  available  for  addi- 
tional slopes.  No  large-scale  testing  was  conducted  with  a horizontal 
or  gently  sloping  bottom  fronting  the  structure  where  different  scale 
effects  might  well  be  expected.  Applicability  of  Figure  49  for  all 
wave  conditions  (all  dg/H^  and  H^/gT2)  is  not  clear,  nor  is  it  expected. 
Scale  effects  would  be  expected  to  be  closely  related  to  the  presence 
(or  absence)  of  a relatively  thin  sheet  or  jet  of  water  which  runs  up 
the  slope.  The  water  would  be  greatly  affected  by  roughness  elements 
and  its  presence  would  be  a function  of  incident  wave  conditions. 

New  experimental  work  directed  at  the  above  problems  would  certainly 
clarify  some  points.  However,  until  further  testing  warrants  changes. 
Figure  50  is  recommended  for  use  in  determining  scale  effects  in  the 
design  of  smooth  structure  slopes. 

4.  Rough-Slope  Scale  Effects. 

Little  information  is  available  concerning  scale  effects  in  runup 
on  rubble  slopes.  The  study  by  Dai  and  Kamel  (1969)  is  perhaps  the 
most  applicable  but  it  was  only  for  a rubble-mound  structure  with  a 
1 on  1.5  slope.  Dai  and  Jackson  (1966)  measured  runup  on  a rubble- 
mound  breakwater  at  two  scales,  but  these  were  rather  small  model-to- 
prototype  scales  of  1:50  and  1:100.  Runup  experiments  on  riprapped 
slopes  have  not  generally  been  designed  to  determine  scale  effects, 
although  Hudson  and  Jackson  (1962)  included  two  different  water  depths 
(or  scales)  while  measuring  runup  on  a 1 on  2 slope.  Most  frequently, 
tests  have  been  conducted  at  a single  scale  (including  large  scales) 
for  rather  limited  conditions.  In  such  cases,  comparisons  between 
scales  can  be  made  only  for  comparable  test  conditions.  Such  compari- 
sons between  independent  experiments  are  "uncertain  because  of  unknown 
factors,  such  as  experimental  methods  and  structure  differences. 

Dai  and  Kamel  (1969)  tested  a quarrys tone-armored,  rubble-mound 
structure  with  a cross  section  similar  to  that  tested  by  Hudson  (1958). 
Only  one  slope  was  used,  cot  9 = 1.5.  Three  different  water  depths 
(see  Table  19)  were  used,  and  these  can  be  given  in  terms  of  the 
Reynolds  number:  Re  = 4.69  x io5,  1.33  * 10%  and  2.72  * 107.  Quarry- 
stones  considered  to  be  either  smooth  or  rough  were  used  in  the 
various  tests.  The  set  of  runup  data  for  smooth  quarrystones , and 
Re  = 1.33  x lo6,  appears  to  have  the  same  wave  conditions  and  runup  as 
part  of  the  data  given  by  Hudson  (1958).  This  particular  data  set  has 
lower  runup  overall  than  for  any  other  set  of  data  given  by  Dai  and 
Kamel  when  specific  wave  conditions  are  compared. 
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Dai  and  Kamel  concluded  that  their  tests  gave  inconclusive  results 
regarding  scale  effects  in  runup.  However,  when  the  data  are  compared 
for  specific  wave  conditions,  some  scale  effects  seem  applicable  to  the 
rubble-mound  structure.  Results  are  given  in  Table  22  where  ratios  of 
runup  for  dg/HL  = 4.0  and  5.0  are  combined  and  averaged  for  approximately 
0.0007  < H^/gT*  < 0.017.  The  three  high  values  of  runup  for  the  large 
scale  at  H^/gT2  « 0.014  appeared  questionable  and  not  included  in  the 
derivation  of  the  table. 

Table  22.  Scale  effects  for  quarrystone  rubble  mound  with  core  much 


below  SWL  (cot  0 = 1.5)  (after  Dai  and  Kamel,  1969). 


VH<? 

R (large  scale)  1 

R (large  scale)  1 

R( medium  scale)  2 

^•{small  scale)  3 

4.0  and  5.0 

1.06 

1.10 

J Large  scale:  Re  = 2.72  * 107,  where  Re  = .gdgdg/v. 

2 Medium  scale:  R„  = 1.33  * 106 . 
e 

3Small  scale:  Re  = 4.69  * 105. 


Dai  and  Kamel's  (19b9)  data  give  runup  values  considerably  higher 
than  Hudson's  (1958)  data  (approximately  30  percent  higher  at  the  same 
scale),  even  when  all  of  Hudson's  data  are  included,  yet  the  runup  data 
in  the  two  studies  appear  consistent  within  each  report.  Thus,  most  of 
the  difference  is  apparently  due  to  differences  in  experimental  pro- 
cedures rather  than  scale  effect;  some  of  the  difference  certainly  is 
in  the  difficulty  of  measuring  runup  on  rubble  slopes.  However,  Dai 
and  Kamel's  results  for  the  large-scale  rough  quarrystone  are  sur- 
prisingly similar  to  results  of  Saville  (1962)  who  tested  a large-scale, 
three-layer,  impermeable  riprap  structure  with  a 1 on  1.5  slope.  Dai 
and  Kamel's  results  also  seem  comparable  with  trends  of  Ahrens'  (1975a) 
data  (Figs.  40  and  41),  although  his  H^/kj,  values  were  slightly  larger 
(H^/kp  = 3.15  compared  to  H^/kj,  = 2.5  and  2.7  at  dg/H^  = 5.0). 

Because  the  runup  data  of  Dai  and  Kamel  appear  high  in  relation  to 
other  testing,  Hudson's  runup  values  are  recommended;  however,  because 
Dai  and  Kamel's  runup  data  appear  internally  consistent,  the  scale 
correction  value  derived  from  their  data  is  adopted.  Thus,  the 
6-percent  correction  (i.e.,  correction  factor  of  1.06)  in  Table  13  is 
recommended  for  application  to  the  steep  structure  slope  parts  of  the 
rubble-mound  curves  in  Figures  25,  26,  and  27  derived  from  Hudson's 
data. 

Dai  and  Kamel  (1969)  also  tested  runup  on  quadripods.  Hie  rubble- 
mound  cross  section  was  more  conventional,  with  the  top  of  the  core 
located  approximately  at  the  SWL.  The  quadripod  tests  were  also  per- 
formed on  rough  and  smooth  armor  unit  types,  as  in  the  quarrystone 
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tests.  Unfortunately,  neither  the  largest  nor  smallest  scales  were 
tested  simultaneously  for  perhaps  more  than  two  equivalent  test  condi- 
tions. Most  of  the  comparisons  must  he  made  separately  between  the 
small  and  medium  scales,  and  then  between  the  medium  and  large  scales. 
The  comparisons  for  the  quadripods  suggest  that  there  is  less  scale 
effect  than  for  quarrystone.  Results  are  given  in  Table  23,  combining 
values  for  both  rough  and  smooth  quadripods. 

Table  23.  Scale  effects  for  quadripod  rubble  mound  (h^/dg  *1.1; 


cot  0 = 1.5)  (after  Dai  and  Kamel,  1969). 


VH  b 

^ (large  scale)  1 

^(medium  scale)  2 

**  (medi um  scale)  2 

**( small  scale)  3 

4.0,  5.0,  8.0 

*1.025 

*1.09 

'large  scale:  = 2.72  * 107,  where  Rg  = /gd  dg/v. 

‘Medium  scale:  Rg  = 1.33  x 106. 

3Small  scale:  R^  = 4.69  * 105. 


A greater  increase  is  apparent  between  the  small  and  medium  scales 
than  between  medium  and  large.  The  tests  of  Jackson  (1968a)  were  con- 
ducted at  the  same  scale  as  the  "medium"  scale  of  Dai  and  Kamel  (a  few 
of  Dai  and  Kamel's  test  conditions  and  results  are  the  same  as  given  by 
Jackson).  Thus,  minimal  scale  correction  (k  *>1.03)  appears  necessary 
for  the  steep  structure  slopes  tested  by  Jackson. 

Dai  and  Jackson  (1966)  conducted  tests  on  a rubble-mound  breakwater 
with  1 on  2 structure  slope,  fronted  by  a gently  sloping  beach  repre- 
sentative of  the  Dana  Point,  California,  project.  This  structure  was 
tested  at  model-to-prototype  scales  of  1:5,  1:50,  and  1:100;  toe  depths 
were  basically  2.16,  0.18,  and  0.09  meters  (7.1,  0.6,  and  0.3  feet) 
respectively,  although  depths  were  varied  somewhat  at  each  scale.  How- 
ever, evaluation  of  scale-effect  differences  is  not  possible  for  two 
reasons:  (a)  the  large-scale  runup  tests  were  very  limited;  only  about 
three  runup  values  are  available  for  conparison;  and  (b)  the  runup  is 
highly  variable  as  measured  in  the  two  smaller  scale  tests;  in  many 
cases  the  medium  scale  had  lower  runup  than  the  small  scale,  and  vice 
versa.  Trends  in  values  of  R/H^  for  constant  dg/gT2  but  varying 
Hj/gT2  are  so  inconsistent  that  further  analysis  is  not  possible. 

Few  studies  are  available  for  evaluation  of  scale  effects  on  riprap 
slopes.  Large-scale  tests  have  been  conducted,  but  the  test  conditions 
are  only  comparable  to  those  of  small-scale  tests  for  restricted  condi- 
tions. Hudson  and  Jackson's  (1962)  small-scale  tests  of  riprap  used  two 
different  water  depths  (scales):  dg  = 0.30  meter  (1  foot)  and  dg  * 0.51 
meter  (1.67  feet).  The  test  results  for  these  two  depths  are  roughly 
equivalent.  Ahrens  (1975a)  conducted  large-scale  testing  of  riprap  on 
slopes  of  cot  0 » 2.5,  3.5,  and  5.  His  H£AP  ratio  at  dg/HJ,  » 5.0 
was  somewhat  larger  than  that  tested  by  Hudson  and  Jackson;  however, the 
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H^/kp  values  were  close  and  would  be  expected  to  have  only  negligible 
effect  on  comparison  of  the  two  experiments.  The  data  of  Hudson  and 
Jackson  and  of  Ahrens  can  be  compared  for  cot  0 ■ 2.5  or  3,  as  these 
conditions  overlap,  when  values  are  interpolated  between  experimental 
conditions.  For  dg/H 'Q  = 5.0,  Ahrens'  runup  data,  for  both  cot  0*3  and  2 
(as  extrapolated),  are  slightly  lower  than  that  by  Hudson  and  Jackson. 
Since  Hudson  and  Jackson  had  the  smaller  H^/kj,  value  which  represents 
a larger  roughness,  the  results  are  not  quite  as  expected  and  the  com- 
parison is  inconclusive  regarding  scale  effects.  The  runup  results  of 
Ahrens  should  be  considered  as  of  prototype  scale  and  used  without  further 
correction. 

Saville  (1962)  tested  a 1 on  1.5  slope  with  three  layers  of  riprap 
at  a large  scale  (dg  = 4.57  meters  (discussed  previously  in  Sec.  V,2,a)). 
There  are  apparently  no  small-scale  riprap  test  results  that  are  com- 
parable to  Saville's  tests.  His  results  are  given  in  this  study  as  'r' 
values  from  which  approximate  runup  on  riprap  can  be  determined  using 
the  smooth-slope  curves  (Sec.  V,l,b).  Since  no  small-scale  tests  are 
available  for  comparison  of  scale  effects,  Saville's  results  would  be 
applicable  as  large-scale  values. 

In  summary,  the  runup  scale-effect  correction  factor,  k,  for 
rubble-mound  structures  of  the  type  tested  by  Hudson  (1958)  (low  core 
height)  is  given  in  Table  22;  i.e.,  k 1.06  for  steep  structure  slopes 
tested  at  Rg  = 1.33  * 106 , and  applies  to  Figures  25,  26,  and  27  derived 
from  Hudson's  data.  For  Re  = 4.69  * 105,  k %1.10  for  steep  structure 
slopes.  These  factors  are  also  recommended  for  quarrystone  rubble- mound 
structures  with  core  heights  at  or  above  SWL,  such  as  tested  by  Jackson 
(1968). 

Rubble-mound  structures  armored  with  concrete  armor  units  of  a 
highly  permeable  design  would  be  expected  to  have  a runup  scale  effect 
similar  to  that  for  quadripods  (Table  23).  A value  of  k % 1.03  would 
apply  to  the  appropriate  tests  by  Jackson  (1968)  (see  test  results  in 
Table  11). 

Scale-effect  results  for  quarrystone  riprap  slopes  are  inconclusive; 
however,  several  sets  of  large-scale  test  data  are  available  and  should 
be  used  directly,  if  possible  (Saville,  1962;  Ahrens,  1975a).  The  tests 
of  Hudson  and  Jackson  (1962),  when  compared  to  large-scale  tests,  indi- 
cate that  little,  if  any,  scale  correction  is  required  for  runup  results 
derived  from  small-scale  riprap  (R#  > 4.7  x 10s);  however,  comparable 
wave  conditions  and  structure  designs  are  not  available  over  the  full 
range  of  small-  and  large-scale  tests. 

Runup  scale  effects  on  rubble  structures  fronted  by  a sloping  beach 
are  not  available.  Until  further  studies  are  conducted,  the  values 
given  above  are  recommended  for  application  to  tests  of  small-scale 
structures  fronted  by  sloping  beaches. 
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The  corrections  given  here  are  derived  for  structures  with  steep 
slopes.  Scale  corrections  for  flatter  slopes  would  be  expected  to 
diminish  in  a manner  similar  to  that  for  smooth  slopes  (Fig.  50),  but 
the  correction  factor  of  1.0  might  well  be  reached  for  some  slope  on 
the  order  of  cot  0=5  (or  even  steeper). 

5.  Example  Problems. 

*************  EXAMPLE  PROBLEM  12  ************* 


GIVEN : Runup,  uncorrected  for  scale  effects,  was  determined  in  example 
problem  4 for  the  following  conditions:  smooth  structure  slope; 
cot  0 = 3;  cot  3 = 90;  H = 2.5  meters  at  d = 10  meters;  T = 8 
seconds;  dg  = 7.5  meters.  Then,  R/H^  = 2.0  and  R = 5.4  meters. 


Find:  Determine  the  full-scale  runup. 


SOLITTION:  From  Figure  50,  for  a structure  slope  of  cot  0 = 3,  the  run- 
up correction  factor,  k,  is  determined  to  be  1.12.  The  corrected 
relative  runup  is  then 

= (2.0) (1 . 12)  = 2.24 
no 


and 


R = (2.24) (H^) 

R = (2 .24)  (2 . t>8)  = t>  .0  meters  . 

The  correction  factor,  k,  may  also  be  applied  directly  to  the 
uncorrected  absolute  value  of  runup,  R;  then, 

R - (5 . 4) (k) 

R » (5.4) (1 . 12)  * B.O  meters  . 


************************************ 

••*•••••*•*••  EXAM’LK  PROBLEM  13  ************* 

GIVEN:  Relative  runup  has  been  determined  for  a rubble-mound  structure 
which  has  quarrystone  armor  units.  The  top  elevation  of  the  core 
is  below  SWL.  Structure  slope  is  cot  0 = 2;  3 = 0.  R/H,!,  is  based 

on  model  experiments  for  Rt,  1.3  * I06. 

FIND:  Determine  the  appropriate  scale-effect  correction  factor,  k. 


1 


SOLUTION:  These  conditions  are  similar  to  those  tested  by  Hudson  (1959). 
From  Table  22,  k * 1.06  for  a slope  of  cot  9 = 1.5;  although  k is 
expected  to  decrease  for  more  gentle  slopes,  cot  9 = 2 is  close  to 
cot  9 = 1.5,  and  k = 1.06  is  used.  Therefore, 


******** 


corrected 


corrected 


\N<!>  ’small  scale 
^ ' 6^( No) small  scale 


*************************** 


*************  EXAMPLE  PROBLEM  14  ************* 

GIVEN : Riprap  slope,  cot  9 = 3;  3 = 0;  dg/H^  *4.5;  H^/gT2  « 0.0085. 

FIND:  Determine  the  runup,  R,  for  a structure  in  a depth  of  8 meters 
(26.2  feet). 

SOLUTION:  Stone  size  is  not  given;  however,  a large  value  of  H^,/kr 

is  assumed  (e.g.,  H^/kj,  < 4),  thus  using  conditions  close  to  maximum 
for  riprap  stability  and  for  which  runup  may  be  relatively  large 
because  of  the  large  wave  to  stone  size.  From  Figure  40,  for 
cot  9 = 3 and  H^/gT2  = 0.0085,  R/H^  * 0.88. 


■ <°-88>  x (srr)  *• 8 


R = 1.56  meters  (5.1  feet) 

Scale-effect  correction  factor,  k,  is  1.0  because  Figure  40  is 
based  on  large-scale  tests.  Thus,  R * 1.56  meters  is  the  full- 
scale  runup. 

VII.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

In  this  study,  a number  of  reports  have  been  reviewed  which,  collec- 
tively, provide  a large  amount  of  valuable  data;  however,  data  gaps 
remain  and  future  research  should  be  directed  at  filling  those  gaps. 
Recommendations  for  planning  and  data  collection  are: 

(a)  For  each  wave  period  and  water  depth  used,  a wide  range  of 
wave  heights  is  desirable  to  discern  trends  in  relative  runup  for  the 
particular  conditions.  Incident  wave  heights  would  best  be  measured 
in  the  uniform  depth  part  of  the  wave  flume.  When  testing  structures 
fronted  by  either  horizontal  or  sloping  bottoms,  dg/gT2  should 
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preferably  range  from  0.08  (deep  water)  to  values  in  the  shallow-water 
range  (dg/gT2  < 0.0016);  dg/H^  should  range  from  a large  value  (such 
as  15)  to  as  small  a value  as  possible.  The  range  of  dg/H^  selected 
should  be  low  enough  to  include,  on  sloping  bottoms,  waves  which  are 
breaking  seaward  of  the  structure  toe.  (Note  that  wave  steepness  is 
determined  when  dg/gT2  and  d^/H^  are  specified.)  Waves  incident  to 
a structure  sited  on  a horizontal  bottom  should  be  of  the  maximum  wave 
steepness  possible. 

(b)  Auxiliary  data  to  be  obtained  include  the  observation  of 
whether  or  not  a wave  is  breaking  for  the  specific  incident  wave  con- 
ditions. The  location  of  breaking  (even  when  the  wave  breaks  at  a 
point  over  the  structure  slope)  should  be  noted,  and  the  breaking  wave 
height  should  be  determined. 

(c)  Tests  of  runup  on  structures  fronted  by  gentle  bottom  slopes, 
e.g.,  1 on  20  to  1 on  50  or  flatter,  are  desirable.  A large  amount  of 
runup  data  has  been  obtained  for  smooth  slopes  fronted  by  1 on  10  bottom 
slopes,  but  such  a steep  bottom  slope  is  unrealistic  for  most  applica- 
tions. Emphasis  should  be  given  to  the  range  1 < dg/H^  < 3,  for  which 
waves  would  be  expected  to  break  near  the  structure  toe,  and  where  maxi- 
mum runup  would  be  expected.  For  such  tests,  measurement  of  the  break- 
ing wave  height,  along  with  runup,  would  be  extremely  useful,  since,  in 
conjunction  with  the  corresponding  wave  height  in  deeper  water,  a breaker 
height  index  (Hj, /H^)  could  be  developed.  This  index  would  then  be 
applicable  for  waves  approaching  a structure.  Breaker  height  index 
curves  in  the  SPM  are  derived  from  tests  conducted  on  uniform  slopes 
which  extend  from  above  water  level  to  the  maximum  depth.  Jackson 
(1968b)  reported  test  results  of  maximum  breaking  and  nonbreaking  wave 
heights  incident  to  a rubble-mound  structure  sited  on  sloping  and  on 
horizontal  bottoms.  The  breaker  heights  observed  by  Jackson  are  lower 
than  calculated  from  the  design  curves;  however,  calculation  of  the 
deepwater  variables  (and  thus  the  breaker  height  index)  from  the  avail- 
able data  is  not  possible. 

(d)  Testing  of  runup  on  rubble-mound  and  riprap  structures  sited 
on  sloping  bottoms  has  been  limited;  however,  this  arrangement,  in 
conjunction  with  waves  breaking  at  the  structure  toe,  is  the  design 
condition  in  many  instances.  Additional  testing  is  required.  A range 
of  bottom  slopes  and  structure  slopes  is  desirable,  and  a rather  steep 
rubble-mound  slope  (e.g.,  cot  6 = 1.5)  should  be  included.  Low  ds/^A 
values  (1  < dg/H^  < 3)  would  ensure  that  data  are  acquired  for  waves 
which  are  breaking  at  or  in  front  of  the  structure  toe. 

(e)  Testing  the  effect  of  beach-slope  length  is  recommended,  but 

the  importance  of  the  length  is  expected  to  diminish  with  gentler  bottom 
slopes.  Such  testing  could  be  acconplished  by  holding  conditions  con- 
stant at  the  structure  toe  (e.g.,  constant  dg , and  H^/gT2)  and 

varying  the  length  of  beach  slope  (i.e.,  varying  the  depth,  d,  at  the 
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toe  of  beach  slope).  Holding  dg  constant  would  keep  the  model  at  the 
same  scale  (same  Reynolds  number)  to  allow  isolation  of  the  effects  of 
slope  length. 

(f)  Testing  of  different  armor  unit  sizes,  with  other  conditions 
remaining  the  same,  would  allow  a better  evaluation  of  the  effects  of 
relative  roughness.  As  a minimum,  armor  units  should  be  tested  at  con- 
ditions close  to  their  stability  limits  at  each  of  several  dg/H ^ 
values  (e.g.,  1.0,  1.5,  3.0,  5.0,  etc.). 

(g)  Many  small-scale  runup  tests  have  been  conducted  for  structures 
sited  on  horizontal  bottoms.  Large-scale  tests  of  runup  on  smooth  struc- 
tures sited  on  horizontal  bottoms  have  not  been  conducted  although  runup 
experiments  have  been  conducted  at  large  scales  using  riprap  slopes 
fronted  by  a horizontal  bottom.  Additional  tests  of  both  smooth  slopes 
and  slopes  protected  with  armor  units  other  than  stone  would  be  useful 

in  evaluating  scale  effects.  These  tests  would  best  be  conducted  in 
the  range  2.5  < dg/H^  < 8.  Similarly,  large-scale  tests  of  runup  on 
smooth  structure  slopes  fronted  by  a sloping  beach  have  been  obtained 
for  limited  conditions.  Additional  tests  would  be  useful  if  conducted 
on  both  smooth  and  rubble  slopes,  and  if  a wide  range  of  wave  steep- 
nesses is  tested  for  each  of  several  dg/H^  values  (1  < dg/H^  < 5). 
Evaluation  of  scale-effect  tests  requires  use  of  identical  geometries, 
including  the  length  of  beach  slope.  Tests  at  intermediate  Reynolds 
numbers  may  help  determine  the  minimum  model  scale  necessary  for  pre- 
diction of  prototype  runup.  Intermediate  values  would  be  on  the  order 
of  4 x io5  < Re  < 2 * 106  for  structures  on  sloping  beaches,  or 
2 x lo6  < Rg  < 1 x 10  7 for  structures  on  horizontal  bottoms. 

VIII.  SUMMARY 

Analysis  of  laboratory  runty  test  results  pertaining  to  steep  struc- 
tures and  monochromatic  waves  was  used  to  develop  runup  equation  (8)  for 
smooth  slopes  fronted  by  horizontal  bottoms: 

/ H'  \^~l 

— = (cot  0)'1-04  (4.23)  (lO)2^-1-*  -2-  for  cot  9 > 2 . 

Hi  \ gT2  / 

Values  of  q are  determined  from  Figure  5.  Equation  (8)  gives  runup 
for  waves  breaking  on  the  structure  slope;  nonbreaking  waves  will  have 
lower  relative  runup  for  a given  wave  steepness,  H^/gT2.  Thus,  equa- 
tion (8)  is  conservative  and  gives  W^o^mctx  ^or  a g^ven  sloPe  and 
wave  steepness.  The  demarcation  between  breaking  and  nonbreaking  waves 
is  a function  of  relative  depth  and  wave  steepness.  Waves  meeting  the 
condition  of  equation  (5)  are  considered  breaking  regardless  of  rela- 
tive depth;  equation  (5),  with  H replaced  by  H^,  is 

Ho 

~ > 0.031  tan2  9 . 
gT2 
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For  lesser  steepness,  some  waves  may  still  be  breaking.  Figure  4 shows 
minimum  values  of  H^/gT2  for  breaking  waves  as  a function  of  dg/gT2. 
The  flow  chart  in  Figure  6 describes  use  of  the  equations.  Runup  of 
nonbreaking  waves  on  a structure  fronted  by  a horizontal  bottom,  to^ 
gether  with  breaking  wave  runup  (if  desired),  may  be  obtained  by  using 
the  smooth-slope  empirical  runup  curves  in  Figures  14,  15,  and  16. 

These  curves  are  modified  from  those  in  the  SPM. 

Runup  on  smooth  structures  fronted  by  a sloping  1 on  10  beach  should 
be  determined  by  use  of  Figures  14  to  23.  The  beach-slope  length  is  an 
important  variable.  The  runup  curves  were  developed  from  results  of 
tests  where  the  beach-slope  horizontal  length  was  equal  to  or  greater 
than  one-half  the  wavelength  at  the  toe  of  the  sloping  beach.  As  the 
relative  beach-slope  length  (£/L)  decreases,  for  a given  dg/H^  and 
H^/gT2,  relative  runup  would  be  expected  to  increase  (unless  the  wave 
breaks  in  front  of  the  structure  toe)  to  a maximum  relative  runup  equiv- 
alent to  that  obtained  for  the  given  dg/H^  in  the  presence  of  a 
horizontal  beach. 

Maximum  absolute  runup,  R,  for  a given  wave  period  will  be  pro- 
duced for  the  maximum  wave  steepness  possible  unless  the  wave  breaks 
before  reaching  the  structure.  If  a wave  of  given  period  breaks  at  the 
higher  steepness  values,  maximum  runup  will  be  produced  by  a wave  which 
begins  breaking  near  the  structure  toe.  The  smooth-slope  runup  curves 
(Figs.  14  to  23)  give  data  for  constant  dg /H£  values.  For  a given 
dg/H^  value  and  constant  dg , higher  runup,  R,  will  occur  at  lower 
wave  steepnesses,  H^/gT2.  Conversely,  for  a given  wave  steepness  and 
depth,  ds»  higher  runup  will  occur  at  the  lower  values  of  relative 
depth,  dg/H^,.  For  structures  on  sloping  beaches,  runup,  R,  for  a 
given  wave  steepness  may  be  approximately  the  same  for  different  de/H^ 
values  because  of  effects  from  the  waves'  breaking.  Design  wave  condi- 
tions usually  assume  the  design  wave  is  associated  with  high  wave  steep- 
nesses, but  certain  environments  might  have  a design  wave  associated 
with  low  wave  steepness.  A range  of  wave  conditions  encompassing  the 
selected  design  conditions  needs  to  be  evaluated  to  determine  maximum 
runup.  Most  importantly,  maximum  absolute  runup  may  not  be  coincident 
with  the  maximum  relative  runup  for  a given  range  of  conditions. 

Runup  on  rough  slopes  was  developed  in  this  study  with  emphasis  on 
structure  cross  section,  relative  depth,  and  relative  roughness.  In 
cases  where  sufficient  experimental  data  were  available,  relative  runup 
was  plotted  in  a manner  analogous  to  the  smooth-slope  data;  i.e.,  R/H^ 
versus  cot  9 for  isolines  of  H^/gT2  and  for  specific  d8/H 'Q  and 
HS/kp  values.  In  all  cases,  also,  the  ratio  between  the  rough-slope 
runup  and  smooth-slope  runup,  r,  is  given.  The  ratio  r is  given  as 
r = f(H£/kr,  0).  Thus,  for  any  given  H<!,/kr  and  dg/H^  , r is  an 
average  of  several  values  over  a range  of  H^/gT2  and  is  expected  to 
be  a function  of  dg/H^  and  H,!,/gT2,  but  insufficient  data  exist  to 
further  develop  the  relationship.  Runup  for  structures  or  wave  condi- 
tions not  tested  may  be  estimated  by  using  the  equivalent  smooth-slope 
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runup  and  the  r value  determined  for  a particular  relative  roughness. 
Since  any  one  value  of  r,  as  given  in  this  study,  is  an  average, 
uncertainties  in  the  prediction  are  expected  to  be  generally  4 10  per- 
cent but  may  be  as  high  as  25  to  30  percent. 

gun up  on  rough  slopes  in  cases  where  waves  are  breaking  near  the 
structure  toe  (low  dg/IP,  values)  is  a common  design  situation  for 
which  few  experiments  arc  available.  The  tests  by  Raich len  and  llanunack 
(1974)  and  Palmer  and  Walker  (1970)  both  indicated  a value  of  r ^0.5 
for  UqAj,  ^2.0  and  for  1 on  1.5  or  1 on  2 structure  slopes  fronted  by 
gently  sloping  bottoms.  This  value  of  r is  equal  to  or  less  than  that 
determined  for  riprap  slopes  with  thicker  armor  layers  and  with  larger 
d.,/11^  values,  for  which  waves  did  not  break  in  front  of  the  structure. 
The  result  suggests  that  the  available  r values  determined  for  larger 
dg/llj,  values  are  applicable,  although  possibly  high,  to  estimates  of 
rough-slope  runup  for  slopes  and  relative  depths  not  tested  but  for 
which  smooth-slope  results  are  available.  Further  testing  is  necessary 
to  clarify  the  relationships. 

Scale  effects  were  investigated,  but  the  number  of  large-scale  test 
results  is  limited.  A correction  curve  for  smooth  slopes  is  given  in 
Figure  50.  Data  for  analyzing  rough-slope  effects  are  even  more  limited 
than  for  smooth  slope.  Tables  22  and  23  (both  for  cot  0 = 1.5)  give 
suggested  values  for  quarrystone  and  quadripod  rubble-mound  structures. 
Scale  corrections  for  both  steeper  and  gentler  slopes  would  be  expected 
to  be  lower.  Large-scale  test  results  are  available  for  riprap  slopes 
(Figs.  40,  41,  and  42)  and,  if  applicable,  are  recommended  for  use 
without  correction. 
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